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Investigating Environmental Change Due to Hypoxic Conditions on the 
Louisiana Continental Shelf: A Geochemical Approach 
 
Marianne E. Dietz 
 
ABSTRACT 
 
The Louisiana (LA) shelf is chronically affected by seasonal hypoxia that 
has been shown to be spatially expanding and growing progressively more 
severe. Hypoxic conditions on the shelf have been closely linked to the large 
quantities of nutrients delivered to the Gulf of Mexico via the Mississippi River. 
Multiple geochemical proxies on a suite of sediment cores from the LA shelf 
provide a record of environmental change that parallels the onset of hypoxic 
conditions over the last century and prior to anthropogenic influences. The 
sedimentary record for the last century shows a shift from terrestrial to algal 
sources to the sediments, as well as a trend of increasingly enriched nitrogen 
isotopes, which is probably caused by a combination of large amounts of 
denitrification, either within the Mississippi watershed or on the continental shelf, 
increased primary productivity, compounded with relatively minor increases of 
enriched nitrogen source inputs. The current chronic hypoxia, especially since 
the early 1970’s, is exacerbated by anthropogenic nutrient loading from the 
Mississippi River basin, but other processes must be responsible in the past. In 
the historic record, several episodic low-oxygen events are defined by 
 v 
forminiferal assemblages and shifts in the geochemical records. Geochemistry of 
three sediment cores from the Louisiana (LA) shelf indicates that these historic 
events are likely caused by increased inputs of terrestrially-derived organic 
matter during peaks in Mississippi River discharge. These results suggest that 
low-oxygen conditions may be a natural, aperiodic phenomenon on the LA shelf, 
and that the current seasonally severe hypoxia resulted from the excess 
anthropogenic nutrient input.  
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Chapter 1:   Introduction and Background 
 
Introductory Statements 
The onset and expansion of the hypoxic zone on the Louisiana (LA) shelf 
has been largely attributed to anthropogenic influences, particularly an increase 
in the use of nitrogen-based commercial fertilizers within the Mississippi River 
drainage basin beginning in the 1950’s (Turner & Rabalais 1991, Goolsby & 
Battaglin 2001, Goolsby et al. 2001, Turner & Rabalais 2003). Based on field 
observations conducted since the 1985, both the severity of oxygen depletion 
and the spatial extent of the chronically hypoxic zone on the Louisiana 
continental shelf have increased significantly (Rabalais et al. 1994, Rabalais et 
al. 2001, Rabalais et al. 2007a, Rabalais et al. 2007b). The subsequent increase 
in organic carbon production induces high amounts of respiration in the water 
column and sediments, which leads to oxygen depletion in bottom waters. The 
low-oxygen bottom waters on the LA shelf are largely unsuitable to sustain many 
types of marine organisms, threatening the local ecosystem and therefore 
endangering the lucrative fishing industry in the Gulf of Mexico (Rabalais & 
Turner 2001a, Adams et al. 2004). 
Measurements of hypoxic conditions were first recorded in the early 
1970’s, but measurements prior to then do not exist. Several paleoindicators in 
accumulated sediments (as reviewed by Rabalais et al. 2007b) show a 
 2 
worsening of hypoxia in conjunction with anthropogenic nutrient input. These 
shifts in paleoindicators are consistent with seasonally severe hypoxia beginning 
in the middle of the 20th century as anthropogenic reactive nitrogen compounds 
began to increase (Galloway & Cowling 2002). Prior to anthropogenic hypoxia, 
paleoindicators in older sediments indicate aperiodic but similar foraminiferal 
peaks in lower oxygen conditions (Osterman et al. 2005). This suggests that low 
oxygen events may have occurred prior to the defined period of anthropogenic 
hypoxia. Determining the natural physical and biological processes along with 
anthropogenic factors in the formation of low oxygen conditions on the LA shelf is 
crucial to understanding the dynamics of hypoxia and determining management 
needs.  
Geochemical analyses of the sedimentary record can be used to extend 
the historic record beyond the instrumental record and effectively evaluate 
environmental changes.  Bulk sedimentary analyses can provide organic matter 
source information as well as record paleoenvironmental information (Meyers 
1997). Here, a multi-proxy approach to analyzing sediment cores from the 
Louisiana continental shelf is used to reconstruct environmental conditions 
associated with the modern anthropogenic hypoxic and historical low-oxygen 
events. A combination of bulk organic geochemical sedimentary analyses, such 
as total organic carbon (TOC), stable isotopic ratios of carbon (δ13C) and 
nitrogen (δ15N), and C:N ratios, provide an assessment of the changing sources 
of organic matter and insight into the environmental response to the onset, 
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expansion and increasing severity of recent hypoxia and conditions during past 
low-oxygen events.  
This study investigates the geochemical parameters of three cores from 
the LA shelf that span periods of current anthropogenic hypoxia and prior low 
oxygen events and indicators of environmental conditions in the past. Results of 
this study will supplement the paleoindicator results of other researchers with 
additional geochemical approaches.  
 This thesis is divided into an introduction, a methods section, a summary 
chapter, and two chapters that have been structured as manuscripts for peer-
reviewed journals. As such, some material and figures are repetitive.   
 
Global Coastal Hypoxia 
Coastal hypoxia is a growing environmental problem around the world. As 
the world’s population increases, particularly in coastal regions, increasing stress 
is placed on coastal ecosystems. Hypoxia in marine systems is typically defined 
as dissolved oxygen concentrations less than 2 mg O2 l-1, while anoxia is the 
complete lack of dissolved oxygen in the system (Nixon 1995). Hypoxia has been 
found to occur naturally in some coastal zones and parts of the ocean, and has 
existed on geologic timescales. Well known areas of human-caused or human-
aggravated hypoxia around the world include the Chesapeake Bay, parts of the 
Black, Baltic, and Adriatic Seas, Long Island Sound, and the northern Gulf of 
Mexico (Diaz 2001). In these areas, respiration exceeds oxygen resupply through 
limited surface to bottom exchange of oxygen (Figure 1).  
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Figure 1: Locations of major hypoxic zones around the world (figure from 
http://earthtrends.wri.org) 
 
The occurrence of hypoxic and anoxic environments in coastal areas 
worldwide appears to be increasing (Diaz & Rosenberg 1995, Cloern 2001, Diaz 
2001). The rise in the number of coastal zones affected appears to be largely 
due to anthropogenic activities, as many of these hypoxic zones have not 
historically been hypoxic. Early European settlement of the Chesapeake Bay 
area changed the watershed dramatically and promoted the eutrophication of the 
Bay, which has grown more severe with time (Zimmerman & Canuel 2000, 
2002). Similar trends are seen in the northern Adriatic Sea, where increasing 
human populations correspond with decreasing oxygen concentrations (Justić et 
al. 1987, Justić 1991). Increasing human population is closely coupled to 
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increased reactive nitrogen from fossil fuel burning, fertilizers, and leguminous 
crops (Galloway & Cowling 2002). Anthropogenic fluxes of nitrogen and 
phosphorus, in particular, are now significantly higher than historically (Nixon 
1995, Cloern 2001).  
Hypoxic conditions can pose a great threat to marine organisms and the 
health of marine ecosystems (Diaz & Rosenberg 1995, Rabalais & Turner 
2001a). When dissolved oxygen concentrations drop below critical limits, 
significant impacts start to occur to marine life and ecosystems. These conditions 
threaten water quality and can impair marine ecosystems, a valuable food source 
and economic industry. While some marine organisms can adapt to lower oxygen 
concentrations, others may become stressed to the point of mortality. This results 
in reduced biodiversity, mortality of benthic communities, loss of biomass, 
stresses on fisheries, and alteration of ecosystem trophic structure. 
 
Eutrophication Process 
Hypoxia occurs as a result of the eutrophication process. Eutrophication is 
the increased rate of primary production and carbon accumulation in the 
environment (Nixon 1995). The organic matter produced through primary 
production in the surface waters sinks and is decomposed either in the water 
column or bottom sediments via the respiration process, which consumes 
available oxygen. If the oxygen utilized is not replaced, dissolved oxygen 
concentrations in the water drop and hypoxic conditions develop (Figure 2). 
Eutrophication can cause noxious and toxic algal blooms, decreased light 
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penetration, oxygen depletion, and subsequent loss of habitat and biodiversity 
(Killops & Killops 2005). Although eutrophication can be a natural phenomenon, it 
often is a result of increased nutrient loading in marine systems. Anthropogenic 
changes in the proportion of these nutrients can alter or exacerbate hypoxic 
conditions in coastal waters (Nixon 1995, Cloern 2001, Rabalais et al. 2004). 
 
 
Figure 2: Schematic of the eutrophication process on a continental shelf 
(figure from www.conservationinstitute.org) 
 
Stratification is also a necessary requirement for hypoxia to develop. 
Water column stratification effectively restricts vertical mixing and therefore the 
replenishment of the water column oxygen supply from the atmosphere to the 
bottom waters. Stratification is a density difference between water masses. Wind 
stress can also play a factor in whether hypoxic conditions will develop. Strong 
episodic winds can reoxygenate bottom waters by mixing a stratified water 
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column, but this usually only lasts for short periods of time (Rabalais et al. 1994, 
Wiseman Jr. et al. 1997). Conversely, low wind stress allows stratification to 
develop and persist, which is favorable for the development of hypoxic condtions 
(Walker & Rabalais 2006).  
 
Hypoxia in the Northern Gulf of Mexico/Louisiana Shelf 
The Louisiana (LA) continental shelf in the northern Gulf of Mexico is one 
of the largest human-caused coastal hypoxic areas in the world, and is the 
largest area of coastal hypoxia in the United States. Like many other hypoxic 
zones around the world, this region is chronically affected during the spring and  
summer months by seasonal hypoxic conditions, when dissolved oxygen 
concentrations drop below 2 mg O2 L-1 in the water column (Rabalais & Turner 
2001a). Hypoxia arises through stratification via summer outflow of Mississippi 
River water and the delivery of nutrients which cause algal blooms. Low-oxygen 
bottom water conditions are most commonly found on the shelf in water depths of 
5-30 meters, but have been documented in water depths of up to 60 meters 
(Rabalais et al. 1998, Rabalais et al. 1999, Rabalais et al. 2002c, Rabalais et al. 
2007b). Hypoxic conditions can occur from the sediments up through most of the 
water column, but usually only encompasses the lower portion (20-50%) of the 
water column depending on the total water depth and the depth of the pycnocline 
(Rabalais & Turner 2001b, Rabalais et al. 2002c). 
The LA shelf is dominated by the outflow of the Mississippi River, which 
delivers large amounts of both nutrients and fresh water to the shelf. The 
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development of hypoxia west of the Mississippi delta is dependent on several 
interrelated physical and biological factors. Strong vertical stratification and 
sufficient amounts of organic matter inputs are required to deplete bottom water 
oxygen concentrations. Stratification on the LA shelf generally increases in the 
spring when freshwater discharge from the continent increases (Rabalais & 
Turner 2001b, Walker & Rabalais 2006) which results in severe and widespread 
hypoxia on the shelf (Rabalais et al. 2007b). A relatively warm freshwater lens 
comprised of Mississippi River water overlays the cooler, denser water of the 
Gulf, creating a strong pycnocline that can be up to 10 meters thick and can 
effectively isolate bottom waters to replenishment from oxygen-rich surface 
waters (Rabalais et al. 2002b). Stratification can persist longer into the fall 
depending on the timing of the breakdown of stratification by winds or storms 
(Rabalais & Turner 2001b, Rabalais et al. 2002c). During the winter, strong 
storms cause mixing and allow the bottom waters to be oxygenated frequently, 
and therefore hypoxia seldom forms.  
Every year, large quantities of nutrients from the continent are delivered 
via the Mississippi and Atchafalaya Rivers to the LA shelf, causing large annual 
algal blooms. The observed changes in nutrient concentrations have resulted in 
increased primary production in the northern Gulf of Mexico (Justić et al. 1993, 
Rabalais et al. 1996, Scavia et al. 2003). Supporting evidence for this theory 
includes measurements of increased chlorophyll concentrations and enhanced 
primary productivity in the Mississippi River plume (Lohrenz et al. 1990, Lohrenz 
et al. 1997), long term patterns in the accumulation of “biologically bound” silica 
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(Turner & Rabalais 1994), and seasonal-scale coherence between river 
discharge and net productivity estimated from oxygen time-series (Justić et al. 
1993).   
There appears to be a direct correlation between riverborne nutrient inputs 
and primary production on the continental shelf within the Mississippi River’s 
influence. Highest values of primary production are observed in the spring, while 
the lowest values are observed in the fall (Lohrenz et al. 1997). Additionally, 
primary productivity on the continental shelf appears to be moderate when not 
enhanced by the high “new” nitrogen nutrient loads that enter via riverine 
outflows. Since freshwater discharge varies markedly on seasonal and 
interannual time scales, it has been suggested that “discharge driven” is a more 
appropriate description of the primary productivity of this subtropical continental 
margin than is its spatial partition into regions based on mean productivity (Biggs 
& Sanchez 1997). 
Anthropogenic activities have increased the amount of nutrients delivered 
to the Gulf of Mexico. Nutrient loading through use of anthropogenic agricultural 
fertilizers is thought to be a leading cause of a 300% increase in nitrogen loads to  
the LA shelf (Goolsby et al. 1999, Donner et al. 2002, Justić et al. 2003). A 
majority of all commercial fertilizers used in the United States are applied to 
cropland within the Mississippi River basin (Figure 3) (Goolsby et al. 1999). 
Previous studies have shown that nitrate concentrations in the river have doubled 
over the past 35 years (Turner & Rabalais 1991, Bratkovich et al. 1994).  
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Figure 3: Estimated nitrogen fertilizer use in the United States (green 
line) and nitrate concentrations in the Mississippi River from 
1955-1995 (blue line) (Goolsby et al. 1999) 
 
The delivery of such large amounts of freshwater, sediment and nutrients 
through the Mississippi River plume dramatically affects the biological and 
biogeochemical processes on the continental margin. Results from multiple 
studies have shown that nutrients delivered by the Mississippi River are a 
dominant factor controlling hypoxia on the Louisiana shelf (Rabalais et al. 1996, 
Lohrenz et al. 1997, Rabalais et al. 1999, Scavia et al. 2003, Turner et al. 2006).  
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Source (%) Alexander et al. 2008 
Booth & 
Campbell 2007 
Fertilizers 67 59 
Atmosphere 16 17 
Manure  5 13 
Sewage 9 11 
Other 3 N/A 
 
Table 1: Modeled total nitrate load estimates from the Mississippi River 
basin from two different studies 
 
Many studies have concluded that fertilizer runoff from agriculture is the 
main source of nitrogen for streams and rivers in the Mississippi River basin 
(Figure 4 and Table 1) (Goolsby et al. 1999, Alexander et al. 2000, Goolsby & 
Battaglin 2001, McIsaac et al. 2001, Donner 2003, Donner & Kucharik 2003, 
Donner et al. 2004, Alexander et al. 2008). Large scale production of commercial 
nitrogen-based fertilizers only became possible after the development of the 
Haber-Bosch process for the synthesis of NH3 using atmospheric nitrogen (Nixon 
1995). Intensive fertilizer use has implications for coastal eutrophication not just 
because greater application will result in greater runoff, but because the amount 
of fertilizer lost from fields may increase with intensity of application (Nixon 
1995). 
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Figure 4: Nitrogen inputs to the Mississippi River Basin (figure from USGS) 
 
Residual nutrients may also play a role in the development of hypoxia.  
Surface water nitrate flux in the Mississippi River basin was found to be related to 
both the nitrogen inputs of the current year and a small contribution of the inputs 
from up to the previous 9 years (McIsaac et al. 2001). Even organic matter 
produced in previous years and deposited in surface sediments may aid in the 
development of hypoxic conditions by increasing respirations rates on top of 
respiration of “fresh” organic matter (Turner et al. 2008). 
 
The Mississippi River Basin   
The Mississippi River is the major source of fresh water and sediments to 
the northern Gulf of Mexico. The Mississippi River is one of the largest rivers in 
the world, and drains the third largest basin in the world, about 3.3 x 106 km2, 
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which comprises approximately 41% of the contiguous United States (Figure 5). 
Additionally, about 30% of Mississippi River water is now diverted through the 
Atchafalaya River. The drainage basin includes all or part of 31 different states 
and is one of the most productive farming regions in the world. About 58% of the 
Mississippi River drainage basin is farmland and is one of the most productive 
farming regions in the world (Table 2). 
 A large portion of the intensively used farmland in the Midwest is normally 
too wet to farm. To circumvent this problem, farmers have developed tile 
draining, where perforated tiles or pipes are used to contour the fields and move 
water into drainage ditches. This type of drainage system can greatly increase 
nitrate runoff from agricultural fields (McIsaac & Hu 2004), and a significant 
percentage of farm land in the Midwest contain tile-drains (David et al. 2006). 
 
 
Figure 5: Mississippi River drainage basin and sub-basins (figure from 
USGS). 
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Federal farm policies and commodity payments that support fertilizer and 
chemical-intensive cropping practices may be some of the most important factors 
that shape the nutrient-related consequences of land use in the Mississippi River 
basin. These subsidies encourage the expansion of fertilizer-intensive crops, and 
decrease land diversification. Although these farm programs protect farmers from 
economic pitfall and uncertainties, they have led to farming practices that are not 
environmentally friendly (Booth & Campbell 2007), nor economically stable over 
the long term. 
 
 
Land Use 
 
% 
Cropland 58% 
Woodland 18% 
Range and Barren land 21% 
Wetlands and water 2.4% 
Urban 0.6% 
 
Table 2:   Land Use in the Mississippi River basin (CENR 2000) 
 
In addition to a steady population increase within the Mississippi basin 
with related inputs of nitrogen through municipal wastewater systems, human 
activities have changed the natural functioning of the Mississippi River system. 
Human development has dramatically altered the river basin. Approximately 70 
million people live within the basin (Goolsby et al. 2001). The suspended 
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sediment load of the Mississippi has been changed dramatically due to the 
addition of dams and levees along the river and its tributaries during the last 
century, which has decreased by approximately half since the 1800’s, most of 
that since 1950 (Corbett et al. 2004). Deforestation, agricultural practices, and 
changes in land management strategies have also contributed to changing the 
sediment load of the Mississippi River (McKee & Baskaran 1999, Turner & 
Rabalais 2003). Dams on the Missouri and Arkansas Rivers have reduced the 
amount of sediment that makes it to the Mississippi River. Conversely, poor land 
practices on the Ohio River have increased the amount of sediment that is 
delivered to the Mississippi (Corbett et al. 2007). As population continues to 
increase and food production increases, it is likely that land use will continue to 
change (Table 2) and nutrient use will increase as well.  
Mississippi River discharge varies seasonally due to climatic factors. The 
flow maximum takes place in April, the minimum in September, and shows a 
strong seasonal pattern in nutrient inputs. Flow tends to peak in spring or early 
summer, when runoff from precipitation events and drainage from tile systems is 
common (Battaglin et al. 2001). Grown crops tend to limit runoff from fields and 
tile drains later in the year. Maximum sediment discharge coincides with maximal 
flow (in the spring). The sediment load in the spring is approximately five times 
greater than in the fall, when flow is at a minimum (Corbett et al. 2004). Sediment 
delivery to the Gulf of Mexico is heavily influenced by sediment storage and 
remobilization in the lower Mississippi. When river discharge drops, sediment is 
temporarily stored in the lower river until discharge remobilizes the sediment and 
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delivers it to the Gulf of Mexico (McKee & Baskaran 1999) Storage periods are 
typically 4-8 months, depending on yearly river flow patterns.  
 
 
Figure 6: Changing spatial extent of the hypoxic zone on the LA shelf as a 
result of annual monitoring (figure from N. Rabalais, LUMCON) 
 
 
Hypoxia: A Recent Phenomenon? 
Systematic annual monitoring of the hypoxic zone beginning in 1985 has 
documented a significant increase in the extent and severity of hypoxic 
conditions on the LA shelf during the past few decades (Figure 6) (Rabalais et al. 
1994, Rabalais et al. 1999, Rabalais et al. 2001, Rabalais et al. 2007b). 
Additionally, proxy studies also indicate an overall increase in continental shelf 
oxygen stress in intensity, duration and spatial extent in the last 100 years, 
particularly since the 1950s (Turner & Rabalais 1991, Eadie et al. 1994, Rabalais 
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et al. 1999). Previously published studies using paleoindicators have identified 
several pre-anthropogenic low-oxygen events, as well as hypoxic conditions that 
have gradually become more severe over the past century. Accumulations of the 
mineral glauconite were found to be particularly high in areas of documented 
hypoxia on the LA shelf, and show increases in sediments coincident with 
increased use of anthropogenic fertilizers (Nelsen et al. 1994). This trend has 
also been documented by analysis of bacterial chloropigments in dated sediment 
cores from the Mississippi River bight (Chen et al. 2001). Increases in the 
amount of biogenic silica in sediments also suggest a gradual worsening of low-
oxygen conditions over long time scales and particularly within the last few 
decades (Turner & Rabalais 1994). Additionally, several benthic foraminiferal 
proxies have been developed to reconstruct changes in oxygen conditions in the 
past. Faunal assemblages from surface and sediment cores on the LA shelf 
show that low-oxygen tolerant species of foraminiferal increase with time, further 
suggesting that hypoxic conditions have worsened (Blackwelder et al. 1996, 
Platon et al. 2005). The A-E index, which looks at the percentages of two benthic 
species relative to one another, also indicates progressively worsening low-
oxygen condition on the LA shelf (Sen Gupta et al. 1996).  
The onset and expansion of the hypoxic zone is largely attributed to 
anthropogenic influences, particularly an increase in the use of nitrogen-based 
commercial fertilizers within the Mississippi River drainage basin beginning in the 
1950’s (Goolsby & Battaglin 2001, Goolsby et al. 2001). Based on field 
observations conducted since 1985, both the severity of oxygen depletion and 
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the spatial extent of the chronically hypoxic zone on the LA continental shelf have 
increased significantly (Figure 6) (Rabalais et al. 1994, Rabalais et al. 2001, 
Rabalais et al. 2007b). The subsequent increase in organic carbon production 
induces high amounts of respiration in the water column and sediments, which 
leads to oxygen depletion in bottom waters (Dortch et al. 1994, Turner et al. 
1998, Rowe et al. 2002, Quinones-Rivera et al. 2007). The low-oxygen bottom 
waters on the LA shelf are largely unsuitable to sustain many types of marine 
organisms, threatening the local ecosystem and therefore endangering the 
lucrative fishing industry in the Gulf of Mexico (Rabalais & Turner 2001a, Adams 
et al. 2004).  
 
Study Objectives 
This study investigates the environmental effects of hypoxic conditions on 
the LA shelf during recent and historic time periods. Analyses of several 
sediment cores provide a detailed record of environmental history and changing 
conditions in the local ecosystem. Results of this study will be used to expand the 
instrument record prior to the 1970’s and provide a comprehensive historical 
record of low-oxygen conditions on the LA shelf. The specific objectives and 
research questions of this project are as follows: 
 
1. Investigate the amount organic matter loading on the LA shelf  
a. Has there been a change in the amount of organic matter in LA 
shelf sediments in relation to increased nutrient input and 
severity of oxygen depletion? 
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2. Evaluate the source of organic matter to the sediments  
a. What is the origin of the organic matter in LA shelf sediments?  
b. Have these sources changed over time? 
 
3. Examine nutrient sources and cycling in the marine environment on the 
LA shelf 
a. Has there been a change in nutrient source or cycling evident in 
the sedimentary record that corresponds to hypoxic conditions? 
 
4. Compare and contrast modern hypoxic conditions to historic low-
oxygen events  
 
Scientific Approach 
 Geochemical analyses of the sedimentary record can be used to extend 
the historic record beyond the instrumental record and supplement existing 
paleoindicator studies.  Bulk sedimentary analyses can provide organic matter 
source information as well as record paleoenvironmental information (Meyers 
1997). Here, a multi-proxy approach to analyzing sediment cores from the 
Louisiana continental shelf is used to identify modern anthropogenic hypoxic and 
historical low-oxygen events and correlate them with known geochemical 
parameters that indicate environmental change. A combination of bulk organic 
geochemical sedimentary analyses, such as total organic carbon (TOC), stable 
isotopic ratios of carbon (δ13C) and nitrogen (δ15N), and C:N ratios, provide an 
assessment of the changing sources of organic matter and insight into the 
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environmental response to the onset and increasing severity of recent hypoxia 
and past low-oxygen events.  
 
Total Organic Carbon 
 The TOC in sediments is simply a measure of the changing amount of 
organic material in the sediments. Environmental conditions influence how much 
of the originally produced organic matter is incorporated into the sedimentary 
record (Meyers 1997). Under hypoxic conditions, an increase in the TOC in the 
sediments may be a measure of carbon preservation (Demaison & Moore 1980). 
Alternatively, some researchers would argue that increased productivity, not an 
increase in organic carbon preservation, would result in an increase in 
sedimentary TOC (Calvert & Pedersen 1992). Although the Mississippi River 
delivers some organic matter to the Gulf Of Mexico, most of the organic material 
that reaches the sediments is from in situ phytoplankton production (Eadie et al. 
1994, Turner & Rabalais 1994, Justić et al. 1997, Rabalais & Turner 2001b). 
Addtionally, it is not clear what happens to the organic matter produced in this 
region, and some organic matter may be transported elsewhere on the shelf or 
off the shelf entirely (Lohrenz et al. 1997). If the organic matter is incorporated 
into shelf sediments, it would result in a greater chance of developing hypoxic 
conditions in benthic environments (Justić et al. 1993). A possible explanation for 
the ultimate fate of algal-derived OM is that it sinks near the plume and is 
transported along the shelf by westward flowing bottom currents (Wiseman Jr. et 
al. 1997). 
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Stable Isotopes 
 Stable isotopes are an effective tool in environmental studies and can act 
as natural tracers of geochemical and biological processes (Fry 2007). Due to 
slight mass differences, the stable isotopes of an element are very similar but not 
identical. These differences lead to isotopic fractionation during chemical, 
physical and biological processes which can be measured using mass 
spectrometry (Burdige 2006). In ecosystem studies, stable isotopes can provide 
information about energy flows, nutrient sources, and trophic relationships 
between producers and consumers (Peterson & Fry 1987, Fogel & Cifuentes 
1993). Stable isotopes can be used to infer the biological source of organic 
material, the ecological conditions in which that organic material was formed, and 
the fate of that organic matter (Fogel & Cifuentes 1993).  
 
Carbon Stable Isotopes 
There are two stable isotopes of carbon that occur in nature: 12C (98.90%) 
and 13C (1.10%). The stable isotopic ratios of carbon (δ13C) in bulk sediments 
give a first-order indication of the major source of carbon to the sediments 
(Hedges & Parker 1976, Meyers 1994, O'Reilly & Hecky 2002). Carbon isotope 
ratios are typically reported in standard per mil notation in reference to the PDB 
standard using the following equation: 
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Specific enzymes are responsible for carbon isotope fractionation in 
photosynthetic plants. These enzymes differ between plants that use the C3 
pathway for photosynthesis and plants that follow the C4 pathway. C3 plants, 
which are most of the deciduous, broadleaf plants, utilize the rubisco enzyme 
which has a fractionation of about -20‰. C4 plants, or plants that prefer drier 
climates like many types of grasses, use the enzyme PEP carboxylase, which as 
a fractionation around -7‰ (Meyers 1994). Terrestrial plant organic material is 
usually centered around -27‰ for C3 vascular plants or -16‰ for C4 plants. Algal 
organic material averages about -22‰ (Killops & Killops 2005, Pancost & Pagani 
2006).  
The Mississippi River drainage basin is comprised mostly of C3 plants 
which tend to have δ13C values around -27‰ (Sackett 1964, Hedges & Parker 
1976). As such, the δ13C values of terrestrially-derived organic carbon from the 
Mississippi River Basin are distinctly different from the carbon isotope values 
from algal organic matter, which are typically centered around -21‰ near the 
mouth of the Mississippi River (Sackett 1964). This offset between algal and 
terrestrial plant organic material is useful for delineating between the relative 
contribution of algal and terrestrial organic matter sources to the sediments 
(Sackett 1964, Eadie et al. 1994, Meyers 1994). Additionally, it has been 
suggested that erosion of C4 plant soils or substantial sediment inputs from 
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western Mississippi River tributaries could also skew the carbon isotopic values 
towards more marine values of -22‰ (Wissel & Fry 2005). 
Carbon isotopic values from sediments on the LA shelf tend to reflect 
mostly marine organic matter input. Surficial sediment TOC δ13C values in the 
northern GOM vary in one study from -21.7 to -19.7‰ (Goni et al. 1997). 
Autochthonous marine organic matter appears to dominate over terrestrially-
derived organic matter in the Gulf of Mexico, especially in non-coastal areas 
(Hedges & Parker 1976). 
   
Nitrogen Stable Isotopes 
There are two naturally occurring nitrogen stable isotopes: 14N (99.63%) 
and 15N (0.36%). Stable isotopes of nitrogen (δ15N) are can be used to 
discriminate between trophic levels in ecosystems (O'Reilly & Hecky 2002),  to 
evaluate the source and cycling of nitrate in sediments (Macko et al. 1993, 
Kendall 1998, Chang et al. 2002, Panno et al. 2006), trace anthropogenic 
pollution inputs (Fry 2007) or changes in environmental conditions over time 
(Meyers 1997). Nitrogen isotope ratios are typically reported in standard per mil 
notation relative to an atmospheric nitrogen standard using the following 
equation: 
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Biological processes that incorporate nitrogen-containing compounds into  
organisms discriminates between the heavy and light isotopes of nitrogen, 
tending to favor the incorporation of 14N over 15N (Battaglin et al. 2001). In 
exclusively marine environments, if sources of nitrogen from land can be 
eliminated, nitrogen stable isotopes can be used to trace the biological 
mechanisms in which phytoplankton and bacterial incorporate nitrogen into their 
biomass (Macko et al. 1993).  However, eliminating land-based sources of 
nitrogen is difficult to do, especially in coastal zones.   
 Different sources of nitrogen can have distinctly different isotopic rations. 
Nitrate that originates from sewage and/or livestock has different δ15N values (~8 
- 20‰) than nitrate from soil (~2 - 15‰), atmospheric deposition (~0‰) or 
anthropogenic fertilizer (-4 - +2‰).  It should be noted that there is significant 
overlap observed among some sources, and that there is some inherent 
uncertainty associated with the nitrogen stable isotope proxy (Kohl et al. 1971). 
Marine organic matter, which in coastal waters is produced using land-based 
nitrogen sources, tends to be much more depleted than its source pool unless 
enough productivity occurs to completely exhaust the nutrients available (Macko 
et al. 1993). Lake studies have shown that fractionation during uptake by 
phytoplankton can be on the order of -4 to -5‰ (Fogel & Cifuentes 1993). 
Wastewater from treated sewage and manure is also typically enriched in 
δ
15N. Natural microbial processes in tertiary sewage treatment plants are strongly 
discriminatory fractionation processes that selectively utilize 14N and produce a 
15N-enriched wastewater signature. Treatment plant effluent values have even 
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been reported to be greater than 30‰ (Savage & Elmgren 2004). This heavy 
nitrogen signal can then be traced through coastal areas as it is transported 
physically and biologically through ecosystems. Measuring stable isotopic ratios 
in biota and sediments can provide a useful indicator for tracing spatial and 
temporal impacts of sewage-derived nitrogen in aquatic ecosystems (Savage 
2005). 
Sedimentary δ15N records can also reflect bacterial diagenetic processes. 
Like other biological processes, bacterial processes preferentially utilize and 
remove the lighter isotope of nitrogen (δ14N) first, leaving behind the heavier 
isotope (δ15N) (Berner 1971, Altabet 2006). This removal of the lighter isotope 
causes the δ15N record to become more enriched downcore as more and more of 
the light isotope is removed and utilized. 
Stable isotopes of nitrogen can also be used as an indicator of the extent 
of denitrification. Denitrification is the biologically mediated process by which 
fixed nitrogen, specifically NO3, is reduced to N2. This process occurs in a wide 
variety of environments wherever oxygen supplies are limited and there are 
sufficiently abundant amounts of nitrate/nitrite and organic matter. However, 
ecosystems do not have to be completely anoxic for denitrification to take place 
(Seitzinger et al. 2006). Denitrifying microbes preferentially utilizes nitrate with 
the 14N isotope over the 15N isotope and can have large fractionation ranges 
(Mehnert et al. 2007).  Significant positive shifts in nitrogen isotope ratios can be 
a strong indicator that the denitrification process is consuming NO3 (Kellman & 
Hillaire-Marcel 1998). 
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Continental shelves are the regions where the largest amount of 
denitrification occurs (44% of the global total) (Seitzinger et al. 2006). On 
seasonally hypoxic continental shelves, like the LA shelf, nitrate from in situ 
production and external inputs is distributed throughout the water column by 
vertical mixing and is available for denitrification when the waters become 
stratified and the bottom layer becomes hypoxic (Seitzinger et al. 2006). Water 
samples from the Mississippi River and tile drains within the Mississippi basin 
have been found to have δ15N values between 4.8 and 16.4‰ (Panno et al. 
2006). Additionally, samples of Mississippi River water flowing into the Gulf of 
Mexico have particulate organic matter with isotopic ratios of nitrogen between  
5-9‰ (Battaglin et al. 2001, Kendall et al. 2001). The large range of isotopic 
values found in the Mississippi River basin and river outflow on the shelf suggest 
that there are several processes that act on nitrogen isotopic ratios even before 
nutrient source pools reach the continental shelf. 
 
Carbon:Nitrogen Ratios  
Molar ratios of carbon to nitrogen (C:N) are also useful indicators of 
organic matter source. As with stable carbon isotope ratios, algal-and 
terrestrially-derived organic matter have distinct signatures, which can be 
detected in the sediment record (Jasper & Gagosian 1990, Meyers 1994). Algal 
and bacterial organic matter typically has C:N ratios between 4-10 (Wissel & Fry 
2005), while terrestrial plant material usually has C:N ratios greater than 20 
(Figure 7) (Ertle & Hedges 1985, Meyers 1994). The distinction between 
 27 
terrestrial and marine values has to do with the amount of cellulose within cells: 
algal cells lack the compound, and terrestrial plants contain abundant cellulose.  
 
 
Figure 7: Distinctive source values of atomic C/N and δ13C for algae and land 
plants (Figure from Meyers 1994). 
 
Although C:N ratios can be subject to alteration during diagenesis in the 
water column and sediments, the original ratio is usually fairly well-preserved in 
the sediment record (Meyers 1997). Variations in the sedimentary record can 
also be used to examine diagenetic processes in sediments. Increases in C:N 
usually is indicative of the preferential loss of nitrogen as organic matter is 
consumed during diagenesis, while similar C:N values downcore suggest that 
carbon and nitrogen are being preserved or mineralized in the same manner 
(Macko et al. 1993 and sources therein). Utilizing the combination of stable 
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isotope and C:N ratio proxies allows for clearer determination of organic matter 
source than using only one proxy (Meyers 1994). 
C:N ratios within the Mississippi River are fairly stable around 9.9 +/- 0.3,  
indicative of primarily algal and/or bacterial sources (Trefry et al. 1994). 
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Chapter 2: Methods 
 
Study Site and Core Selection 
This study used three sediment cores located on the LA shelf on the 
periphery of current-day hypoxia (Figure 8). The longest core (PE0305-GC1, 163 
cm in length) represents a historical time-frame, while a shorter core (PE0305-
BC1, 31 cm in length) captures the past 100 years. Both of these core sites were 
located in 47 meters of water and were selected because they are located in an 
area that experiences 25 to 50% frequency of occurrence of mid-summer 
hypoxia (Rabalais et al. 2002b). An additional sediment core (MRJ05-BC6, 42 
cm in length) also represents the most recent century and was selected because 
it is located in a region of the LA shelf where the frequency of occurrence in mid-
summer is less than 25%. This core was located in 65 meters of water, 
approximately twenty meters deeper water than the other two cores, and was 
originally meant to represent an unaffected area. All of these cores were located 
in water depths that were deeper than where hypoxia is most commonly 
documented on the LA shelf (Rabalais et al. 1998, Rabalais et al. 1999, Rabalais 
et al. 2002b).  
 
 
 
 30 
 
 
 
Figure 8:  Map showing locations of the three cores used in this study relative 
to the frequency of mid-summer hypoxic conditions on the LA shelf 
for the period 1985-2002 (from Rabalais et al. 2002b) 
 
These cores were obtained and sampled every centimeter by scientists at 
the USGS (Table 3). 210Pb chronology on each core was also completed by 
USGS personnel and has been previously published (Osterman et al. 2005, 
Osterman et al. 2008). 210Pb is a natural component (t1/2 = 22.3) of atmospheric 
deposition that is strongly adsorbed to particles. These particles accumulate in 
sediments and can then be measured in sediments to estimate age to within 
approximately the past 100 years (Bierman et al. 1998). 
 
 
 31 
Core ID PE0305-GC1 PE0305-BC1 MRD05-BC6 
Core Type Gravity Box Box 
Date 
Collected 7/28/02 7/28/02 5/12/05 
Latitude 28 23.796 28 23.975 28.3970 
Longitude 90 27.701 90 27.170 90.7091 
Depth 
(mwd) 47 47 65 
Length (cm) 
 
164 31 42 
Frequency 
of the 
Occurrence 
of Hypoxia# 
25 to 50% 25 to 50% Less than 
25% 
210Pb rate 
(cm/yr) 0.33* 0.34* 0.36
+
 
*published in Osterman et al. (2005), +Osterman et al. (2008), and #Rabalais et al. (2002a) 
 
Table 3:  Core information, including locations, water depth, length, 
estimated accumulation rate, and frequency of mid-summer 
hypoxia 
 
A low-oxygen tolerant faunal assemblage, known as the PEB index, has 
been found to be a faunal proxy for the occurrence of low-oxygen conditions on 
the LA shelf (Osterman et al. 2000, Osterman 2003). This proxy relies on the 
relative abundance of a few opportunistic foraminiferal species (Pseudononion 
atlanticum, Epistominella vitrea, and Buliminella morgani). As benthic oxygen 
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concentrations drop, the species of foraminifers that are low-oxygen intolerant 
will decrease in number or become locally extinct. Therefore, the abundance of 
the opportunistic species that can tolerate short intervals of low-oxygen 
conditions will become relatively higher than during normoxic conditions. It is 
important to note that this proxy cannot determine the precise value of oxygen 
concentration, but provides an indication of relatively low-oxygen conditions. 
 
 
Figure 9: PEB index data for the three cores in this study (Osterman et al. 
2005, Osterman et al. 2008). Note that the core from deeper water, 
MRD05-BC6, does show an increase in the PEB index, suggesting 
that this core also experiences hypoxic conditions, but to a lesser 
extent than the other two cores. The raw data are included in 
Appendix A. 
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PEB index data from previously published studies on the same cores used 
in this project indicate that all three cores are affected by periodic low-oxygen 
conditions in the past few decades (Osterman 2003, Osterman et al. 2005, 
Osterman et al. 2008, Swarzenski et al. 2008). The core from deeper water 
(MRJ05-BC6), where hypoxia is currently less frequent than 25% in mid-summer, 
was previously thought to be unaffected by hypoxic conditions but appears to 
exhibit some changes in low-oxygen conditions. The PEB index in the two 
shallower cores, PE0305-GC1 and PE0305-BC1, increase at approximately the 
same rate, while MRD05-BC6 begins to increase earlier (1930) than the other 
two and at a lower rate. PE0305-GC1 has the highest values in the most recent 
decades but does not begin to increase until about 1960. The other hypoxic core, 
PE0305-BC1 has values that are almost as high, but begins to increase just 
before 1940. 
 
Total Organic Carbon  
Sediments were dried in a drying oven at 60°C for a t least 24 hours. The 
drying times were adjusted depending on the amount of water per sample. 
Concentrations of total organic carbon in each sample were determined using a 
UIC Carbon Coulometer at the University of South Florida. Determination of the 
amount of organic carbon via coulometry involves measuring the amount of 
carbon dioxide (CO2) evolved from sediment by converting the total carbon and 
inorganic carbon phases. Standards of calcium carbonate were used during each 
run to determine instrument accuracy and to establish a standard response 
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curve. Each standard was weighed and analyzed on the coulometer to establish 
a standard curve, which was used in the quantification of each unknown sample.  
Analysis of total carbon involves the combustion of the sample to convert 
both organic and inorganic forms of carbon into CO2. A small amount of sample 
is weighed and placed in a porcelain boat. The sample is then introduced into the 
carbon coulometer oven, where it is combusted at 970°C in the presence of 
excess oxygen to ensure complete oxidation of the sample into CO2. Inorganic 
carbon quantification is done by the addition of an acid to the sample. Another 
aliquot of sample was weighed and placed into a small glass sample flask. The 
sample is then acidified in a heated reaction vessel using 5mL of 2 M perchloric 
acid, which reacts only with the inorganic carbon and creates CO2. The CO2 
generated by the acidification of the sample is measured and yields the amount 
of inorganic carbon. Once the total amount of carbon per sample and the total 
amount of inorganic carbon per sample has been quantified, the amount of 
organic carbon can be calculated by subtracting the amount of inorganic carbon 
from the total amount of carbon in each sample.   
 
Stable Isotope Analysis 
Bulk sediment isotope analyses (δ13C and δ15N) were run using a Carlo 
Erba 2500 Series I elemental analyzer coupled with a continuous-flow Finnigan 
Mat Delta Plus XL stable-isotope mass spectrometer at the University of South 
Florida. Each sample was acidified with 0.1N HCl in a glass beaker to remove all 
inorganic carbonates. The sample was stirred and left in the acid overnight to 
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ensure that all carbonate had reacted with the acid. After 24 hours, the acid was 
decanted, the sediment was rinsed with Milli-Q water and then decanted again. 
This process was repeated. The samples were then dried for 24 hours in a drying 
oven at 60°C. When dry, the sediment was removed fr om the beaker and ground 
as finely as possible with a mortar and pestle to homogenize the sample as much 
as possible.  
 Each sample was weighed and packed inside a tin capsule. A relatively 
large amount of sediment was needed per sample and was based on the amount 
of total carbon and total organic carbon in each sample to ensure a large enough 
(and therefore clear) signal response. Helium is used as a carrier gas which 
speeds up sample processing time, but inherently dilutes the sample, and is why 
a large sample size is needed. Additionally, each sample was run in duplicate 
After being introduced into the elemental analyzer – isotope ratio mass 
spectrometer (EA-IRMS) system via autosampler, the sample is completely 
combusted at 1000°C in the presence of oxygen. The combustion products are 
then reduced from NOx to N2. The resulting gas is passed via a helium carrier 
gas through a chromatographic column to separate discrete “packets” of carbon 
and nitrogen, and then goes through a thermoconductivity detector which causes 
the formation of an electrical pulse directly proportional to its quantity. This is how 
C:N ratios and %N values are calculated by computer software.  
After leaving the EA, the sample in gaseous form travels into the 
continuous-flow mass spectrometer by helium carrier gas. The CO2 and N2 enter 
into an ion source where they are ionized (stripped of an electron) and then 
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propelled through a magnetic field. All ions have the same charge but different 
masses which affects their flight path through the magnetic field in that each ion 
is  deflected through the magnetic field by an amount proportional to its mass. 
The ions are then collected by a detector, which measures the two stable 
isotopes of carbon (12C and 13C) and nitrogen (14N and 15N) and allows the 
computer to calculate the ratio between the isotopes. This ratio is analyzed 
relative to a reference gas (CO2 for carbon and N2 for nitrogen) to report isotopic 
values in standard per mil notation relative to PDB for carbon isotopes and air 
international standards for nitrogen. 
Instrumental accuracy was monitored through analysis of known 
standards at regular intervals. Spinach leaves were used as a standard. Average 
standard deviations of isotopic measurements for the standards were 0.17‰ for 
nitrogen and 0.21‰ for carbon in this data set. Blanks were used at the 
beginning of each run to correct for instrument error. 
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Chapter 3: A Geochemical Perspective of Hypoxic Conditions on 
the Louisiana Continental Shelf Over the Past Century 
 
Abstract 
 The Louisiana (LA) shelf is chronically affected by seasonal hypoxia that 
has been shown to be spatially expanding and growing progressively more 
severe (Rabalais et al. 1994, Rabalais et al. 2007b). Hypoxic conditions on the 
shelf have been closely linked to the large quantities of nutrients delivered to the 
Gulf of Mexico via the Mississippi River. Multiple geochemical proxies on three 
sediment cores from the LA shelf provide a record of environmental change that 
parallels the onset of hypoxic conditions over the last century. Carbon isotopic 
results suggest that the cores most affected by hypoxic conditions have 
undergone a shift in organic matter source from terrestrially-derived to mostly in 
situ phytoplankton-derived. A core from deeper water that is not as affected by 
low-oxygen does not show this shift, and has remained algally-dominated 
throughout the length of the core. In contrast, stable nitrogen isotopes in all cores 
show an increasingly enriched trend. Nitrogen isotopic values prior to the use of 
anthropogenic fertilizers in the Mississippi River Basin are about 3‰, and 
increase to about 6‰ in recent years. The observed δ15N values could be 
caused by denitrification in the Mississippi River basin or on the shelf, a change 
in the source of nitrogen from terrestrial to algal, an increase in primary 
production, or a combination of factors. Increasing nitrogen flux to the Gulf of 
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Mexico corresponds temporally with increases in sedimentary total nitrogen on 
the LA shelf. Since it has been reasonably proven that in situ primary production 
has increased with corresponding increases of river-borne nutrients, it is most 
likely that an increase in primary production is at least partially responsible for the 
increasing δ15N values in the sediments. The geochemical indices in this study 
indicate that this trend is probably caused by a combination of denitrification and 
increased primary productivity.  
 
Introduction 
The Louisiana continental shelf is chronically affected by seasonal hypoxia 
during spring and summer. Based on field observations conducted since 1985, 
both the severity of oxygen depletion and the spatial extent of the chronically 
hypoxic zone on the LA continental shelf have increased significantly (Rabalais 
et al. 2001, Rabalais et al. 2004, Rabalais et al. 2007a, Rabalais et al. 2007b). 
Every year, large quantities of nutrients from the continent are delivered via the 
Mississippi River to the Gulf of Mexico and cause large annual phytoplankton 
blooms and increases in primary production (Lohrenz et al. 1990, Dagg & Breed 
2003). The subsequent increase in organic carbon production induces high 
amounts of respiration in the water column and sediments, which, coupled with 
strong water column stratification, leads to oxygen depletion in bottom waters 
(Rabalais et al. 2002a, Rabalais et al. 2007b). The low-oxygen bottom waters on 
the LA shelf are largely unsuitable to sustain many types of marine organisms, 
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threatening the local ecosystem and therefore endangering the lucrative fishing 
industry in the Gulf of Mexico (Rabalais & Turner 2001a, Adams et al. 2004).  
Strong relationships exist between the onset and expansion of the hypoxic 
zone and a substantial increase in the use of nitrogen-based commercial 
fertilizers within the Mississippi River drainage basin beginning in the 1950’s 
(Goolsby & Battaglin 2001, Goolsby et al. 2001, Turner et al. 2007). It has also 
been well documented that the nitrate flux from the Mississippi River to the Gulf 
of Mexico has increased over the twentieth century (Goolsby et al. 1999, 
Alexander et al. 2000). This flux is a good indication of the quantity of nitrogen 
being discharged from the Mississippi River. The delivery of such large amounts 
of freshwater, sediment and nutrients through the Mississippi River plume 
dramatically affects the biological and biogeochemical processes on the 
continental margin. Results from multiple studies have shown that nutrients 
delivered by the Mississippi River, along with stratification, are a dominant factor 
controlling hypoxia on the Louisiana shelf (Rabalais et al. 1996, Lohrenz et al. 
1997, Rabalais et al. 1999, Scavia et al. 2003, Turner et al. 2006).  
Geochemical analyses of the sedimentary record can be used to 
investigate hypoxic conditions prior to monitoring data and effectively evaluate 
the associated environmental changes. This study utilizes multiple geochemical 
proxies on three sediment cores from the outer LA shelf. Several cores are 
necessary to provide a regional perspective of hypoxic conditions and the 
possible environmental stressors. By coring the outer shelf, we can examine not 
only the spatial extent of hypoxia but also observe the amount of impact of 
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nutrients on the shelf environment. Although the geochemical and biological 
processes in environment are inherently complicated, we provide some possible 
explanations that could explain the observed trends. 
 
Figure 10:  Map showing core locations for cores used in this study 
 
Methods 
Three sediment cores were taken from the outer LA shelf 150 to 200 km 
from the mouth of the Mississippi River (Figure 9, Table 4). Chronology was 
established by researchers at the USGS for each of the three cores using excess 
210Pb (Osterman et al. 2005, Osterman et al. 2008, Swarzenski et al. 2008). This 
suite of cores was selected to investigate the current outermost extent of the 
hypoxic zone, and determine how far out on to the shelf hypoxic events extended 
in the past. Two cores (PE0305-GC1 and PE0305-BC1) capture last century and 
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are located within the chronic hypoxic zone as outlined by (Rabalais et al. 1999). 
These cores are located in deeper water on the shelf where mid-summer hypoxia 
occurs 25 to 50% of the time.  
 
Core ID PE0305-GC1 PE0305-BC1 MRD05-BC6 
Core Type Gravity Box Box 
Date 
Collected 7/28/02 7/28/02 5/12/05 
Latitude 28 23.796 28 23.975 28.3970 
Longitude 90 27.701 90 27.170 90.7091 
Depth 
(mwd) 47 47 65 
Length (cm) 
 
164 31 42 
Frequency 
of the 
Occurrence 
of Hypoxia 
25 to 50% 25 to 50% Less than 
25% 
210Pb rate 
(cm/yr) 0.33* 0.34* 0.36
+
 
published in (Osterman et al. 2005)*,(Osterman et al. 2008)+, and #Rabalais et al. (2002b) 
Table 4: Information on the three sediment cores used in this study 
 
Another sediment core (MRJ05-BC6) was taken from deeper water depth 
and also represents the most recent century. This site was selected because it is 
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located outside of the chronically hypoxic zone and can be used as a baseline 
environmental comparison to the other two hypoxic cores (Figure 9). The 
analyses of this core should reflect an environment that is not affected by low-
oxygen bottom water conditions. 
A low-oxygen tolerant faunal assemblage, known as the PEB index, is a 
faunal proxy for low-oxygen conditions (Osterman et al. 2000, Osterman 2003). 
The relative abundance of a few opportunistic foraminiferal species 
(Pseudononion atlanticum, Epistominella vitrea, and Buliminella morgani) that 
can tolerate short intervals of low-oxygen conditions will become relatively higher 
during hypoxic events than during normoxic conditions. PEB index proxy data 
from previously published studies on these cores indicate that all three cores are 
affected by low-oxygen conditions in the past few decades (Figure 10) (Osterman 
2003, Osterman et al. 2005, Osterman et al. 2008, Swarzenski et al. 2008). Even 
the core in deepest water (MRD05-BC6) which was originally thought to be 
completely unaffected by hypoxic conditions appears to have some indication of 
low-oxygen events, although not at the same magnitude as the other two cores. 
The PEB index in the two shallower cores, PE0305-GC1 and PE0305-BC1, 
increase at approximately the same rate, while MRD05-BC6 begins to increase 
earlier (1930) than the other two and at a lower rate. PE0305-GC1 has the 
highest values in the most recent decades but does not begin to increase until 
about 1960. The other hypoxic core, PE0305-BC1 has values that are almost as 
high, but begins to increase just before 1940.  
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Figure 11: PEB index data for the three cores in this study (Osterman et al. 
2008). Note that the core from deeper water, MRD05-BC6, does 
show an increase in the PEB index, suggesting that this core also 
experiences hypoxic conditions, but to a lesser extent than the 
other two cores. 
 
A combination of bulk organic geochemical sedimentary analyses 
including total organic carbon (TOC), total nitrogen (TN), stable isotopic ratios of 
carbon (δ13C) and nitrogen (δ15N), and C:N ratios were completed to provide an 
assessment of the changing sources of organic matter and insight into the 
environmental response to the onset and increasing severity of both recent and 
past low-oxygen events. Stable isotopes of nitrogen (δ15N) are often used to 
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evaluate the sources and source changes of nitrate in nutrients and particulate 
matter in aquatic systems (Chang et al. 2002, Panno et al. 2006), as well as the 
effects of biological processes on organic matter (Lohrenz et al. 1990, Mehnert et 
al. 2007).  
Concentrations of total organic carbon in each sample were determined 
using a UIC Carbon Coulometer. Bulk sediment isotope analyses (δ13C and 
δ
15N) were run in duplicate using a Carlo Erba 2500 Series I elemental analyzer 
coupled with a continuous-flow Finnigan Mat Delta Plus XL stable-isotope mass 
spectrometer. Each sample was first homogenized and then acidified with 0.1N 
HCl in a glass beaker to remove all inorganic carbonates. The samples were 
analyzed relative to a reference gas (CO2 for carbon and N2 for nitrogen) to 
report isotopic values in standard per mil notation relative to PDB for carbon 
isotopes and air international standards for nitrogen. Instrumental accuracy was 
monitored through analysis of known amounts of spinach leaf standards at 
regular intervals. Average standard deviations of isotopic measurements for the 
standards were 0.17‰ for nitrogen and 0.21‰ for carbon in this data set.  
 
Results  
Geochemical results indicate that environmental changes on the LA shelf 
are recorded in the sediment record. TOC concentrations are increasing in all 
cores and range between 0.495% and 1.96% (Figure 11). This matches 
percentages of organic carbon in sediment cores from other areas of the shelf 
(Eadie et al. 1994, Swarzenski et al. 2008) PE0305-GC1 and MRD05-BC6 
 45 
contain similar amounts of TOC, and both show small fluctuations (approximately 
0.3% and less). The amount of organic carbon in both cores is fairly stable until 
the TOC records in both begin to increase at around 1910. Core PE0305-BC1 
contains roughly double the amount of organic carbon as the other two cores, 
and increases from its oldest date around 1910 until 1980 when it decreases. 
This core also shows lager-scale variations (approximately 0.5% or greater) than 
the other two cores. 
The tops of all cores have δ13C values that show that the carbon is mostly 
from in situ phytoplankton sources (-22‰) rather than from terrestrial plant 
sources (-27‰) brought in from the continent by the Mississippi River. Both 
PE0305-GC1 and PE0305-BC1 have somewhat more depleted carbon isotopes 
before 1950, suggesting that terrestrial input was more of a factor in these two 
cores in the past. The bottom of PE0305-BC1 has values around -24‰ until 
about 1940, where values change from less than -23‰ to greater than -22‰. 
PE0305-GC1 contains several fluctuations in which values are greater than -
26‰, and begins to decrease at around 1930. In contrast, the deeper water 
depth core, MRD05-BC6, remains constant at -22‰ throughout the length of the 
record, suggesting that the source of the organic carbon in this core has not 
changed.  
C:N ratios of the same material also reflect algal sources, and these 
values seem to show less change than δ13C in each of the three cores. PE0305-
BC1 and MRD05-BC6 have similar values that remain unchanged throughout the 
length of the records at around 9, indicative of algal sources. PE0305-GC1 
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mostly has values centered around 11, with some excursions around 17. The 
largest of these excursions occur at 1900 and 1970.  
The percent of nitrogen is increasing in each of the three cores from about 
0.048% to about 0.15%, which is approximately a three-fold increase (Figure 12). 
PE0305-GC1 contains the least amount of nitrogen, while PE0305- BC1 contains 
the most. Overall, these values appear to be increasing at approximately the 
same rate. In PE0305-GC1, the %N remains relatively constant until about 1900, 
at which point the amount of nitrogen increases to almost double. In MRD05-
BC6, percent nitrogen increases steadily until 1930 when the rate of increase is 
slightly higher than before. Nitrogen percentage increases in PE0305-BC1 
appears to be constant, with smaller, decadal scale variations.  
In all sediment cores, δ15N values progressively increase towards the top 
of the record, although at different rates. The values at the bottom of PE0305-
GC1 and MRD05-BC6 start at around 3.5-4‰ and increase steadily to 5.5-6‰ at 
the top of the cores. PE0305-BC1 has a value of 4‰ at the bottom and a value of 
around 6‰ at the top. This core also has the sharpest increase of about 3‰ that 
occurs just after 1940. In addition, the bulk δ15N values found in the most recent 
portions of the sediment cores agree with the range found in Mississippi River 
particulate organic matter of 5-9‰ (Battaglin et al. 2001, Kendall et al. 2001) and 
other sediment cores (Eadie et al. 1994). Although the overall change in nitrogen 
isotopic values is roughly the same in each core (approximately 2.5‰) from  
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Figure 12:  Geochemistry (TOC, δ13C, C:N) results from each of the three 
cores. The core from deepest water, MRD05-BC6, is depicted in 
the darkest color, and the two cores affected by hypoxic conditions, 
PE0305-GC1 and PE0305-BC1 are shown in lighter colors. Raw 
data are included in Appendix A. 
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bottom to top, the rates of change differ between centuries. During the nineteenth 
century, values increased about 0.5‰ (3‰ to 3.5‰ in PE0305-GC1 and 3.75‰ 
to 4.25‰ in MRD05-BC6). PE0305-BC1 is unique in that the values at the 
bottom of that core decrease to about 2.5% until the mid-1940’s when the values 
begin to rapidly increase to a value of 6‰. 
 
Discussion 
Analysis of three sediment cores from the Louisiana continental shelf 
indicates that anthropogenic nutrient loading has significantly impacted the local 
marine environment within the hypoxic zone. Increasing TOC values in all cores 
reflect hypoxic conditions through either increased preservation (Demaison & 
Moore 1980) or increased primary productivity in the surface waters exporting 
increased amounts of organic matter to the sediments (Calvert & Pedersen 
1992). Stable carbon isotopic ratios from all three cores suggest that a majority of 
the organic matter in sediments is in situ phytoplankton in origin. The two cores 
from an area of 25 to 50% summertime hypoxia indicate that there has been a 
change in the predominant source of organic carbon from terrestrial to algal. 
These results could be due to increasing amounts of in situ phytoplankton-
derived inputs with stable terrestrial inputs, or relatively stable algal inputs and 
decreasing amounts of terrestrial organic matter input. Stable isotopes of carbon 
in other cores from the LA shelf also show a transition from values representative 
of terrestrial material to more algal values (Eadie et al. 1994). Much of the 
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organic carbon preserved during periods of hypoxia likely originates from 
increased production of algal material in response to nutrient loading, in addition 
to a smaller percentage of terrestrially-derived organic material. MRD05-BC6 has 
δ
13C and C:N values that are indicative of a primarily algal source throughout the 
length of the core. Although this core has a PEB index indicative of low oxygen 
since about 1930, the PEB indices dating back to 1840 to not indicate low 
oxygen (Osterman et al. 2008). MRD05-BC6 is located in deeper water than the 
two other cores and farther from the influence of the Mississippi River 
terrestrially-derived organic carbon. If this core has not historically been as 
influenced by Mississippi River discharge or hypoxia, then other factors must be 
driving the change in the nitrogen isotopes, not just in the deeper water core but 
in the other two as well.  
The trend in δ15N could not be the result of diagenetic processes. In fact, a 
strictly diagenesis signal would produce a trend exactly opposite of what is 
observed. Sedimentary bacterial processes preferentially utilize and remove the 
lighter isotope of nitrogen (δ14N) first, leaving behind the heavier isotope (δ15N) 
(Berner 1971, Altabet 2006). This removal of the lighter isotope causes the δ15N 
record to become more enriched downcore as more and more of the light isotope 
is removed and utilized. Because this is exactly opposite of the isotopic trend 
observed in the cores in this study, this record does not simply reflect a 
diagenetic signal, but is indicative of changing nitrogen inputs to the sediments 
on the shelf. 
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Figure 13:  Stable nitrogen isotopes and percent nitrogen results for the three 
cores. The deeper water core is shown in the darkest color. Raw 
data are included in Appendix A. 
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If diagenesis is not causing the enriched δ15N in the cores, then there 
must be other geochemical and biological processes occurring that affect 
nitrogen isotopic ratios in shelf sediments. Biogeochemical processes in the 
water column and in sediments can substantially increase the δ15N value with 
increasing distance from the source. This trend in nitrogen stable isotope values 
could be caused by a multitude of factors. Fortunately, there are a limited number 
of sources that would cause heavy nitrogen isotopic values in sediments. In 
addition, the combination of several nitrogen sources might be a more probable 
explanation of the nitrogen isotopic values in these cores.  
 Excess primary production is surface waters on the LA shelf is likely 
responsible for heavier sediment nitrogen values. Primary production has been 
shown to be increasing in direct correlation with increasing nutrient inputs into the 
northern Gulf of Mexico (Lohrenz et al. 1990, Turner & Rabalais 1991, Lohrenz et 
al. 1997, Dagg & Breed 2003). The increasing amounts of TOC correspond with 
increasing percentages of nitrogen in the three sediment cores, which can be 
considered a record of productivity (Altabet 2006). This supports the idea that 
primary production is increasing in this region. Additionally, results from bulk 
geochemistry (δ13C, C:N, δ15N) strongly suggest an increase of algal organic 
matter in the sediments, further supporting the theory that primary production 
likely increased in response to nutrient loading. Where there is a sufficient supply 
of nutrients, biological uptake discriminates between the heavy and light isotopes 
of nitrogen, tending to favor the incorporation of δ14N over δ15N. (Battaglin et al. 
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2001, O'Reilly & Hecky 2002). Lake studies have shown that fractionation during 
uptake by phytoplankton can be -4 to -5‰, meaning that the nitrogen source 
would have to be at least 4‰ heavier than the produced organic matter (Fogel & 
Cifuentes 1993). At first, the organic matter produced by primary producers is 
depleted relative to the nutrient source pool, and the remaining source is 
relatively enriched in δ15N. As productivity continues, and the demand for 
nitrogen remains high, the demand for nitrogen would eventually outweigh the 
discrimination against the heavier isotope, and the heavier isotope is 
incorporated as nitrogen concentrations decline. So, if productivity continues due 
to high nutrient availability and fractionation in this manner goes to completion, 
the producers eventually attain the same isotopic composition as their source 
(O'Reilly & Hecky 2002, Savage 2005). The enriched organic matter produced is 
eventually incorporated into sediments, and could result in the sedimentary δ15N 
trends observed on the Louisiana shelf.  
These trends in nitrogen have been observed in other regions of the 
Louisiana shelf. Eadie et al. (1994) suggested that sediments on the shelf 
contain a local record of primary productivity. They found that δ13C and δ15N 
values in two sediment cores near the outflow of the MR show large changes 
beginning in the 1960’s that correspond with increases in nutrient loads from the 
MRB. Additionally, δ15N values in those cores exhibit similar values and temporal 
trends as observed in the cores in this study, even though those cores are 
located on the shelf much nearer to the mouth of the Mississippi River. Eadie et 
al. interprets these changes in δ15N as evidence for increased primary 
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productivity on the shelf.  Thus, increased primary production is a likely source of 
some of the shift observed in nitrogen isotopes. 
 An alternative explanation for the increasingly heavier sediment isotope 
values is that there could be a consistent source of heavy δ15N to the sediments. 
Mixing models can be a useful approach to determining source contributions as 
long as those sources have distinct isotopic signatures (Savage 2005). Previous 
mass-balance approaches have found that the increased nitrogen load to the 
Louisiana shelf is due primarily to fertilizers and, to a lesser extent, sewage and 
manure inputs (Goolsby et al. 1999, Alexander et al. 2000, Savage 2005, Booth 
& Campbell 2007). However, commercially produced fertilizers are manufactured 
using the Haber-Bosch process which fixes atmospheric nitrogen which, by 
definition, has a δ15N ratio of 0 (Kendall 1998). Since agricultural fertilizers are 
estimated to be the largest source of nitrogen to these sediments, the isotopic 
values should become increasingly lighter, not heavier as observed in these 
sediment cores. So, there must be other, heavier sources of nitrogen contributing 
to the sediments in the Gulf of Mexico.  
 Sewage and manure have much heavier isotopic values than other 
nitrogen nutrient sources. Savage (2005) found sedimentary δ15N have 
approximately 3‰ over a 30 year period as a direct consequence of increasing 
δ
15N-enriched tertiary-treated sewage input into the Baltic Sea. To cause 
similarly elevated δ15N values in the northern Gulf of Mexico, a large input of 
manure and sewage would be required if mixing of enriched sources were the 
only process affected the isotopic values (Panno et al. 2006). Such an input is 
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unrealistic, and clearly documented to be otherwise (Goolsby et al. 1999, 
Alexander et al. 2008), especially given that N load models estimate that only a 
relatively small percentage of NO3- comes from sewage or manure (Goolsby et 
al. 1999, Alexander et al. 2000, Booth & Campbell 2007). Therefore, source 
change alone cannot be the only, or even a substantial, factor influencing 
nitrogen isotopes in these sediment cores. 
If mixing of different sources of nitrate alone does not account for the 
changes in nitrogen isotopic values, there must be other processes, such as 
denitrification, that play an important role. This process can significantly affect 
stable isotope ratios of nitrogen. Denitrification is the microbially mediated 
process by which fixed nitrogen, specifically NO3, is reduced to N2 under low 
oxygen conditions (Battaglin et al. 2001, Mehnert et al. 2007) and may be a 
significant marine sink of nitrogen (Devol 1991). Additionally, because the 
denitrification process can have fractionations in the range of up to 10 to 30‰ 
(Wada & Hattori 1991), stable isotopes of nitrogen can effectively be used as a 
tool to estimate of the extent of denitrification (Mehnert et al. 2007). Significant 
positive shifts in nitrogen isotope ratios can be a strong indication that 
denitrification is consuming NO3 (Kellman & Hillaire-Marcel 1998). 
A large percentage (44%) of the total (global) denitrification occurs on 
continental shelves and inshore waters, which are the areas most impacted by 
anthropogenic activities (Seitzinger et al. 2006). For denitrification to occur on 
continental shelves, strong vertical stratification and large amounts of organic 
matter are necessary. Both of these conditions are met on the Louisiana shelf 
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during the seasonal periods of hypoxia, and hypoxic conditions likely enhance 
the denitrification process (Dagg & Breed 2003). Thus, it is likely that nitrogen 
isotopes are influenced by denitrification on the Louisiana continental shelf.  
On seasonally hypoxic continental shelves, such as the LA shelf, nutrient 
inputs are distributed throughout the water column by vertical mixing, making 
them available for denitrification when the water column becomes stratified and 
dissolved oxygen concentrations drop (O'Reilly & Hecky 2002, Seitzinger et al. 
2006). As nitrogen loading increases, there is more potential for denitrification 
(Seitzinger et al. 2006). Since nitrate loading on the LA shelf has been increasing 
over several decades (Goolsby et al. 1999, Goolsby et al. 2001) it stands to 
reason that the rate of denitrification on the shelf has also most likely increased. 
Additionally, denitrification rates were found to increase with increasing amounts 
of organic carbon in the sediments on the LA shelf (DeLaune et al. 2005). 
Although the amount of organic matter in the cores in this study is only 
approximately 1%, there is enough organic matter present to encourage 
denitrification in the sediment.   
Another possibility is that a substantial amount of denitrification is 
occurring within the Mississippi River Basin. Denitrification that takes place within 
the Mississippi watershed or within the Mississippi River itself would enrich the 
source pool of nitrogen that eventually is discharged to the Gulf of Mexico. 
Several studies have suggested that much of the denitrification that takes place 
in the Mississippi watershed occurs before discharge into the River (Kendall 
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1998, Panno et al. 2006, Seitzinger et al. 2006) and is probably minimal within 
the Mississippi River itself (Battaglin et al. 2001, Panno et al. 2006).   
Denitrification in the Mississippi basin is most likely fueled by the runoff of 
nutrients applied to agricultural fields. Approximately 58% of the land in the 
Mississippi River drainage basin is used for agriculture. Much of this land is 
currently drained by tile drainage systems, which employ perforated tiles or pipes 
to contour the fields and move excess water into drainage ditches. This system 
allows farmers to farm lands that are usually too wet for agricultural use. 
Although these tiles encourage nutrient runoff from fields and directly supply 
large quantities of nutrients to the river (McIsaac & Hu 2004), they are not 
thought to be a major source of denitrification (Mehnert et al. 2007). Tile drains 
reroute water carrying nutrients that would normally pass into subsurface soil 
layers, where a majority of denitrification is thought to take place (Mehnert et al. 
2007).  
Water samples from the Mississippi River and tile drains within the 
Mississippi basin have been found to have δ15N values between 4.8 and 16.4‰ 
(Panno et al. 2006). Values from tile drains were found to be at the lower end of 
the scale, with an average in one study being 5.2‰, while values in groundwater 
wells were generally >12‰ (Mehnert et al. 2007), suggesting that more 
denitrification is occurring in subsurface groundwater rather than tile drains. The 
average of tile drainage values and groundwater values that flow into the 
Mississippi River is probably in the order of 5 to 9‰, which is the isotopic values 
of particulate organic matter in the River found by other studies (Battaglin et al. 
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2001, Kendall et al. 2001). If this is the isotopic value of the particulate organic 
matter that is discharged to the Gulf of Mexico, and this particulate matter is 
incorporated into shelf sediments, it could be that denitrification in the Mississippi 
basin alone could be responsible for the isotopic values observed in LA shelf 
sediments.   
 
Summary 
 Increasingly enriched nitrogen isotope sediment values on the LA shelf 
were observed in three sediment cores. Geochemistry demonstrates that while 
two of these cores have undergone a transition from receiving organic matter 
from terrestrial sources to having primarily algal sources, one of these cores has 
always been influenced primarily by algal sources. This core has remained 
unchanged in every proxy except that it demonstrates increasing nitrogen stable 
isotopes, which may be the key to understanding how the environmental is 
changing on the LA shelf. Since diagenetic processes are not likely responsible 
for this trend, it is probably the result of several inter-related biological and 
geochemical processes. Changing source inputs, particularly sewage and 
manure which contain enriched nitrogen isotopes, are likely increasing due to 
increasing population and increased agricultural activity in the Mississippi River 
basin. However, these inputs are not significant enough to be the only, or a 
substantial, factor driving δ15N values to be more enriched. The denitrification 
process, which results in enriched isotopic values, is probably a significant factor 
both within the Mississippi River basin and on the LA shelf. 
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  Excess primary production on the LA shelf could also be responsible for 
more enriched sediment nitrogen values. Where there is a sufficient supply of 
nutrients, biological uptake discriminates between the heavy and light isotopes of 
nitrogen. As primary production continues, and the demand for nitrogen remains 
high, the demand for nitrogen would eventually outweigh the discrimination 
against the heavier isotope, and the heavier isotope is incorporated into 
biological material as nitrogen concentrations decline. This enriched organic 
matter would eventually be incorporated into shelf sediments. Increasing nitrogen 
flux to the Gulf of Mexico (Goolsby et al. 1999, Goolsby et al. 2001) corresponds 
temporally with increases in sedimentary total nitrogen on the LA shelf. Since it 
has been reasonably proven that primary production has increased with 
corresponding increases of river-borne nutrients (Eadie et al. 1994, Lohrenz et al. 
1997, Rabalais et al. 2002a), it is very possible that an increase in primary 
production responsible for the increasing δ15N values in the sediment cores is 
related to increased primary production and not other processes.   
 For the isotopic records for nitrogen to steadily increase over time, there 
must be an increase in the rates of denitrification or production, and change in 
the source of the nitrogen brought on to the LA shelf, or a combination of several 
of these factors. For a more detailed view of the ecosystem, geochemical 
analyses of specific biomarkers are needed. 
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Chapter 4: A Multi-Proxy Sedimentary Record of Historical Low-
Oxygen Conditions on the Louisiana Continental Shelf 
 
Introduction 
The Louisiana continental shelf is chronically affected by seasonal hypoxia 
during spring and summer, and is currently one of the world’s largest zones of 
coastal human-caused hypoxia (Rabalais et al. 2002c). Every year, large 
quantities of nutrients from the continent are delivered via the Mississippi River to 
the Gulf of Mexico, causing large annual production blooms. Based on field 
observations conducted since 1985, both the severity of oxygen depletion and 
the spatial extent of the chronically hypoxic zone on the LA continental shelf have 
increased significantly (Rabalais et al. 1994, Rabalais et al. 2001, Rabalais et al. 
2007b).  
It is generally accepted that hypoxic conditions today on the LA shelf have 
been exacerbated by anthropogenic nutrient inputs. Annual monitoring of the 
hypoxic zone did not begin until 1985, and as such, a record that describes the 
marine ecosystem environment in detail prior to recent monitoring does not exist. 
The sediment record contains paleoindicators of long-term ecological and 
environmental changes related to low-oxygen conditions on the LA continental 
shelf. Sediment cores from inside the current hypoxic region contain chemical 
and biological remains that reflect environmental conditions in surface and 
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bottom waters at the time the sediments were deposited and provides clues of 
historic changes (Rabalais et al. 2002c).  
The onset and expansion of the hypoxic zone is largely attributed to 
anthropogenic influences, particularly an increase in the use of nitrogen-based 
commercial fertilizers within the Mississippi River drainage basin beginning in the 
1950’s (Nelsen et al. 1994, Goolsby & Battaglin 2001, Goolsby et al. 2001). 
However, hypoxic events have been shown to have occurred in the past prior to 
anthropogenic nutrient input, and that some of these events have been similar in 
magnitude to the most recent low-oxygen conditions (Turner & Rabalais 1994, 
Osterman 2003, Osterman et al. 2005). These studies have suggested that 
Mississippi River discharge is the driving factor causing historic low-oxygen 
conditions on the LA shelf prior to 1950. These results indicate that hypoxia may 
be a natural, aperiodic phenomenon on the LA shelf driven by the Mississippi 
River, and that this process has been exacerbated by excess nutrient input  to 
cause the “modern” hypoxic event.  
The historic record provides a view of a distinct contrast between recent 
hypoxic conditions and environmental conditions in the past. Previous sediment 
core studies on the LA shelf clearly document (through marine-origin carbon 
evident by stable carbon isotope analysis) recent eutrophication and increased 
organic sedimentation, with the change more apparent in areas of chronic 
hypoxia and coincident with the increasing nitrogen loads from the Mississippi 
River system beginning in the 1950’s (Eadie et al. 1994). Determining the natural 
and anthropogenic factors that control the formation of low-oxygen conditions on 
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the LA shelf is crucial to understanding how the modern “Dead Zone” develops. 
To do this, a historical record of past hypoxic events on the shelf needs to be 
determined. Several studies have attempted to look at ecosystem and 
environmental changes in the northern Gulf of Mexico in conjunction with hypoxia 
(Sen Gupta et al. 1996, Chen et al. 2001, Rabalais et al. 2004, Chen et al. 2005, 
Osterman et al. 2008, Swarzenski et al. 2008). The goal of this research is to use 
a multi-proxy geochemical approach to extend the record of LA shelf hypoxia into 
the past prior to 1985 monitoring.  
 
Methods 
A multi-proxy geochemical approach was used to reconstruct 
environmental conditions associated with historical low-oxygen events on the LA 
shelf. A gravity core was collected within a region of 25 to 50% occurrence of 
mid-summer hypoxia. This sediment core, PE0305-GC1, was collected in 47 
meters of water during a USGS cruise in 2003 (Figure 13). The core (1.64m in 
length) was sampled every centimeter. Chronology was established by 
researchers at the USGS for the upper portion of the core using 210Pb (Osterman 
et al. 2005). 
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Figure 14: Map showing core location relative to frequency of hypoxic 
conditions on the LA shelf for the period 1985-2002 (from Rabalais 
et al. 2002a) 
 
A low-oxygen tolerant faunal assemblage, known as the PEB index, is a 
foraminiferal proxy for relative conditions of oxygen in bottom waters. As benthic 
oxygen concentrations drop, many species of foraminifers will die out. Therefore, 
the abundance of a few opportunistic species that can tolerate short intervals of 
low-oxygen conditions will become relatively higher than during normoxic 
conditions. The relative percentage increase of three benthic foraminiferal 
species (Pseudononion atlanticum, Epistominella vitrea, and Buliminella 
morgani) in Louisiana shelf sediments is used as a proxy for past low-oxygen 
conditions, although it cannot determine the precise value of oxygen 
concentration. Previously published studies of the PEB index in this core have 
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identified that it documents several pre-anthropogenic low-oxygen events 
(Osterman 2003, Osterman et al. 2005, Osterman et al. 2008).  
Chronology in the lower portion of PE0305-GC1 is problematic. 210Pb can 
be accurately measured in sediments and used to estimate age to within 
approximately the past 100 years (Bierman et al. 1998). However, 210Pb cannot 
be used to date sediments that are older than 100 years. A date of approximately 
1900 is shown on Figure 15. Portions of the core below this point were not able 
to be dated, so the timing, duration and amount of time between low-oxygen 
events are uncertain. Additionally, the LA continental shelf is subjected to several 
factors that affect and disrupt sedimentation (Allison et al. 2000, Corbett et al. 
2006). As a result, it can be assumed that at least some of the lower portion of 
this sediment core has not remained intact. Also, it is very probable that low-
oxygen events have occurred elsewhere on the LA shelf that are not evident in 
this core.  
A combination of bulk organic geochemical sedimentary analyses, such as 
total organic carbon (TOC), stable isotopic ratios of carbon (δ13C) and nitrogen 
(δ15N), and C:N ratios, were completed to provide an assessment of the 
changing sources of organic matter and insight into the environmental 
parameters that might be related to changes in oxygen conditions over time. 
Concentrations of total organic carbon in each sample were determined using a 
UIC Carbon Coulometer at the University of South Florida. Bulk sediment isotope 
analyses (δ13C and δ15N) were run in duplicate using a Carlo Erba 2500 Series I 
elemental analyzer coupled with a continuous-flow Finnigan Mat Delta Plus XL 
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stable-isotope mass spectrometer. Each sample was first homogenized and then 
acidified with 0.1N HCl in a glass beaker to remove all inorganic carbonates. The 
samples were analyzed relative to a reference gas (CO2 for carbon and N2 for 
nitrogen) to report isotopic values in standard per mil notation relative to PDB for 
carbon isotopes and air international standards for nitrogen. Instrumental 
accuracy was monitored through analysis of known amounts of spinach 
standards at regular intervals. Average standard deviations of isotopic 
measurements for the standards were 0.17‰ for nitrogen and 0.21‰ for carbon 
in this data set.  
 
Results  
TOC 
 In the presence of hypoxic conditions, total organic carbon in sediments 
increases due to increased preservation (Demaison & Moore 1980), increased 
primary productivity (Calvert & Pedersen 1992) or a combination of both. In 
PE0305-GC1, TOC values vary in different sections of the core, but ranges 
between 0.37 – 1.03%, with a mean value of 0.68% (Figure 14). Overall, the 
highest values of TOC were found in the upper 30 cm of the core, and the lowest 
values were found in the bottommost part of the core. Values in the lowest 
portion of the core increase from around 0.4% to about 1.0%, were found in the 
lowest 130 to 164 cm of the core. The intermediate sections are a relatively 
stable 0.7%. The average value decreases slightly to about 0.6% at 90 cm core 
depth until about 30 cm. Between 30 cm and the top of the core the amount of 
 65 
 
 66 
Figure 15: Geochemistry results for PE0305-GC1. PEB index results are also 
included and have been published previously by Osterman et al. 
(2005). A date of 1900 makes the approximate limit in the core of 
210Pb dating. Letters denote PEB events that are greater than the 
mean value for the overall core. Gray bars indicate low-oxygen 
events in the PEB that correspond with geochemical indicators of 
terrestrial organic matter. The raw data used in this figure are listed 
in Appendix A. 
 
 
organic carbon steadily increases to around 1.0%. Additional episodic high and 
low values were observed in various parts of the core. 
 
Carbon Isotopes 
Stable isotopes ratios of carbon (δ13C) at the bulk sediment level provide a 
first-order evaluation of the source of sedimentary organic matter (Meyers 1994). 
Different carbon sources have distinct isotopic values, allowing terrestrial 
material (-27‰) to be differentiated from marine-derived material (-21‰) in 
marine systems (Killops & Killops 2005). δ13C values in this core range between  
-20‰ and -28‰. In addition to small-scale fluctuations, there are several large-
scale changes between more depleted (terrestrial) values and more enriched 
(algal) values. In the uppermost and lowermost portion of the core, δ13C values 
show that the carbon is increasingly from algal sources rather than from 
terrestrial plants from the continent. The middle part of the core has mostly more 
depleted values, suggesting that the organic carbon in the sediments is mostly 
from terrestrial sources. Some enriched small-scale fluctuations in δ13C 
correspond with TOC episodic peaks, suggesting a link between terrestrial 
source and increased organic matter, at least in some portions of the core. 
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Nitrogen Isotopes 
 Stable isotopes of nitrogen (δ15N) can be used to discriminate between 
trophic levels in ecosystems (O'Reilly & Hecky 2002), to evaluate the source and 
cycling of nitrate in sediments (Macko et al. 1993, Kendall 1998, Chang et al. 
2002, Panno et al. 2006), or changes in environmental conditions over time 
(Meyers 1997). δ15N values in PE0305-GC1 range between 1.94‰ and 5.86‰ 
and average 3.63‰. Highest δ15N values are observed at the top of the core, 
while the rest of the record tends to stay between 3‰ and 4‰. There are also 
few episodic peaks, as are observed in the δ13C record, which also correspond to 
peaks observed in δ13C. These peaks are not as distinct or as great in amplitude 
in this record as they are in the carbon isotopic record. At approximately 50 cm 
depth, δ15N values begin to steadily increase to almost 6‰ near the core top.  
 
C:N Ratios 
Molar ratios of carbon to nitrogen (C:N) are also useful indicators of 
organic matter source, as algal organic matter (4-10) and terrestrially organic 
matter (>20) have distinct signatures which can be detected in the sediment 
record (Jasper & Gagosian 1990, Meyers 1994). C:N ratios in PE0305-GC1 
range from 8.3 to 20.7 and averages 12.3. Although C:N ratios are fairly constant 
throughout the core, there is a slight shift to lower values above 100 cm core 
depth. Above this depth, values are fairly consistent at 10, with some episodic 
peaks at 60, 40, and 15 cm depth. Below 100 cm, C:N ratios are slightly higher, 
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between 12 and 16. Below 150 cm, values are near 10 and below, which is 
similar to values observed at the top of the core. Some episodic peaks are also 
observed below 80 cm.  
 
Discussion 
While the most recent human-caused hypoxia is well characterized by 
instrumental observations and paleoindicators, much less is known about historic 
low-oxygen events. Geochemical analyses of a sedimentary record from the LA 
shelf document recent hypoxic conditions in the northern Gulf of Mexico, as well 
as environmental changes that have occurred prior to anthropogenic influences. 
The shifts observed in the δ13C record suggest a distinct change in the source of 
organic matter at 30 cm. The section of the core between 30 and 110 cm shows 
increasingly lighter isotopic ratios, which reflects an increasingly larger proportion 
of terrestrial material than in other sections of the core. C:N ratios are also 
indicative of algal precursors, with some excursions of higher values typically 
associated with terrestrial plant material. These changes could be related to 
climatic variability, as more terrestrial material must have been delivered by the 
Mississippi River from the North American continent during periods of peak 
discharge when shifts in landscape change were accelerating in the middle of the 
country. 
 Several PEB events prior to 1900 have been identified by Osterman et al. 
(2003) and Osterman et al. (2005), as designated by letters in Figure 15, based 
the values above the mean for the entire core. Some of these events are located 
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at the same core depths as the episodic peaks observed in the geochemical 
analyses, suggesting a relationship between the PEB low-oxygen index and the 
geochemical data. Several distinct episodic peaks are evident in the TOC, δ13C 
and C:N records, and are indicated with gray bars in Figure 15. These peaks are 
consistent with input of more terrestrial material. Although these peaks vary in 
size between peaks and among proxies, they temporally correspond to each 
other. Geochemical indicators support the conclusions of other studies that low-
oxygen events prior to the period of anthropogenic hypoxia were related to 
increased Mississippi River discharge because indicators point to increased 
terrestrially-derived carbon at the same time. 
Three distinct windows of behavior are apparent in the geochemical data 
(Figure 15). During the upper 30 cm of the core, which corresponds to the time 
period after 1950, there is a distinct relationship between the increasing PEB 
index, increasing TOC and shifting of δ13C and C:N ratios to predominantly algal 
organic matter. This is the anthropogenic time window, which covers the past 50 
years and the most recent hypoxic event, and is characterized by rapidly 
worsening hypoxic conditions, exacerbated by anthropogenic influences. 
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Figure 16: Suggested time windows based on geochemical results. The 
anthropogenic window occurs after 1950, the transition window 
between 1800 and 1950, and the historic window prior to 1800. 
δ
13C, δ15N and C:N records have been smoothed with a 5-point 
running average from the raw data (shown in gray) to highlight 
trends. 
 
 
A “transition period” exists between 30 cm and 70 cm. Although reliable 
chronology is not available for the lower portion of this core, if the sedimentation 
rate for the upper portion is extrapolated for the remainder of the core, 70 cm is 
approximately equivalent to 1800. This was the period of time after which the 
Louisiana Territory was purchased and intensive settlement of the Mississippi 
River basin began. At this point in the core, TOC and δ13C values begin to 
steadily increase. The timing of this change also corresponds to increases in the 
amount of farmland in the basin, increased land clearing (Turner & Rabalais 
2003) and increases in sedimentary biogenic silica, a paleoindicator that may 
reflect in situ marine diatom density in response to organic N loads (Turner & 
Rabalais 1994). Nitrogen isotopic values begin to increase at 50 cm depth, which 
would correspond to approximately 1850. This transition zone may reflect the 
natural ecosystem state beginning to be influenced by anthropogenic activities. 
During this period, δ13C and C:N records begin to shift towards more marine 
values and the PEB index events begin to decrease in magnitude. Additionally, 
values in δ15N values shift to more depleted values after 1800 and then begin to 
become more enriched.  
A third window, the historic window, exists below 70 cm and exhibits 
different behavior in all proxies. δ13C values are similar to the anthropogenic 
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window, C:N ratios are more elevated, and TOC varies during this window. A 
slight increase in δ15N also occurs in the lowermost portion of the core, but 
values are not as high as observed during the anthropogenic window or transition 
period. This time period is the only window of time that does not have any 
anthropogenic influence, and thus represents the natural state of the ecosystem. 
It is also possible that some low-oxygen events occurred elsewhere on the 
LA shelf but are not recorded in these cores. Recent monitoring studies on the 
Louisiana shelf have found hypoxic conditions occur most commonly in water 
depths of 5-30 meters, but has been documented in deeper depths as well (up to 
60 m, but mostly less than 45 m) (Rabalais et al. 1998, Rabalais et al. 1999). 
Osterman et al. (2008) used a transect of three cores extending from the 
Mississippi River delta to show that more historic low-oxygen  events occur in a 
core located in shallower water on the shelf and nearer to the mouth of the 
Mississippi River where nutrient-enhanced primary production is more likely to 
occur. PE0305-GC1 is located in 47 m water depth and far enough out on the 
shelf that seasonal hypoxia does not occur in this region, only 25 to 50% of the 
time in mid-summer. Therefore, seasonally severe hypoxia that that occurs 
elsewhere on the LA shelf is not recorded in this sediment core.  
 The mechanism for these distinctive environmental categories is still 
unclear. It is possible that a combination of natural climatic processes and 
anthropogenic activities such as land clearing and farming could be responsible 
for low-oxygen conditions prior to 1950 (Turner & Rabalais 2003), and maybe 
even before then. Intensive settlement of the Midwest began near the beginning 
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of the 19th century and included clearing of land primarily for agricultural 
purposes. These activities would have changed the amount of sediment and 
organic matter brought into the Mississippi River and the Gulf of Mexico.  
A proposed mechanism for historic low-oxygen events has been 
suggested to be increased river flow (Osterman et al. 2005). Changes in the PEB 
index before 1950 have been attributed to natural fluctuations, most likely peaks 
in discharge, in the Mississippi River (Osterman et al. 2005, Osterman et al. 
2008, Swarzenski et al. 2008). My geochemical analyses verify a prior terrestrial 
carbon signal at the time of these peaks that is subsequently lost in the current 
anthropogenic epoch because of the increased anthropogenic nutrient-enhanced 
in situ primary production. 
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Chapter 5: Summary 
  
 Increasingly enriched nitrogen isotope sediment values on the LA shelf 
were observed in three sediment cores. Geochemistry indicates that while two of 
these cores have undergone a transition from receiving organic matter from 
terrestrial sources to having primarily marine sources, one of these cores has 
always been influenced by marine algal sources. This core has remained 
unchanged in every proxy except that it demonstrates increasing nitrogen stable 
isotopes, which may be the key to understanding how the environmental is 
changing on the LA shelf, but there are no studies to support this expected 
process. Since diagenetic processes are not likely responsible for this trend, it is 
probably the result of several inter-related biological and geochemical processes. 
Since it has been reasonably proven that primary production and phytoplankton 
biomass has increased with corresponding increases of river-borne nutrients 
(Eadie et al. 1994, Lohrenz et al. 1997, Rabalais et al. 2002a), it is very possible 
that an increase in primary production is at least partially responsible for the 
increasing δ15N values in the sediment cores. Changing source inputs, 
particularly sewage and manure contain enriched nitrogen isotopes, are likely 
increasing due to increasing population and increased agricultural activity in the 
Mississippi River basin. However, these inputs are minimal in the overall nitrogen 
and phosphorus inputs to the Gulf of Mexico and not significant enough to be a 
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factor driving δ15N values to be more enriched. The denitrification process, which 
results in enriched isotopic values, is probably a factor both within the Mississippi 
River basin and on the LA shelf, but there are no studies to support this expected 
process. The most likely explanation is that a combination of these factors is 
influencing nitrogen isotopes in sediments on the LA shelf. 
While hypoxia is well characterized by instrumental measurements since 
the early 1970s, paleoindicators have clearly documented changes in increased 
productivity in surface waters and deteriorating oxygen conditions for benthos. 
Geochemical analyses of a sedimentary record from the LA shelf help pinpoint 
the shifts in biological processes and sources of organic matter leading to a 
decline in dissolved oxygen concentrations. Three distinct periods are apparent 
in the geochemical data. The anthropogenic time window, which covers the past 
50 years and rapidly worsening hypoxic conditions, is associated with 
anthropogenic nutrient inputs. A transition period exists between approximately 
1800 and 1950, which is the period of time in which the Louisiana Territory was 
purchased and intensive settlement of the Mississippi River basin began. During 
this period, geochemistry indicates that a change has occurred in the 
environment, and could be attributed to changing land use and increasingly 
intensive agriculture. The third window exists before 1800 and is the time period 
without obvious anthropogenic influence. 
The geochemical analyses of three sediment cores indicates 
corresponding peaks with several PEB peaks prior to 1900 that indicate lower 
oxygen concentrations (Osterman 2003, Osterman et al. 2005). The geochemical 
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characteristics of inputs of terrestrially-derived organic material match the PEB 
peaks before the anthropogenic hypoxia, indicating that pre-anthropogenic low-
oxygen events were supported with higher amounts of organic matter from 
terrestrially-derived material deposited on the continental shelf during periods of 
peak discharge from the Mississippi River. 
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Appendix A:  Geochemistry data for the three cores used in this study. Sample 
age is given when available. For completeness, PEB index values 
have been included, but these values were generated by Lisa 
Osterman at the USGS and have been published previously. 
 
 
   
  
PE0305-GC1 
  
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
15N δ13C PEB C:N  Molar 
2002.0 0    36.19  
2000.5 1    29.95  
1997.6 2    28.24  
1995.2 3   -22.21 23.79  
1991.7 4 0.981 4.944 -23.24 29.17  
1988.8 5 0.866 5.861 -22.19 29.19 22.84 
1985.8 6 0.829  -21.91 19.26 20.38 
1982.9 7 0.880   22.46 25.83 
1979.9 8 0.808 4.844  22.58 25.80 
1977.0 9 0.843 4.841  21.15 26.24 
1974.1 10 0.890  -23.25 24.49 21.56 
1971.1 11 0.803 4.329  23.19 33.93 
1969.1 12 0.823 4.234 -21.07 17.08 23.29 
1965.2 13 0.837 3.442 -23.48 17.37 28.13 
1962.3 14 0.799  -22.77 14.41 15.58 
1959.4 15 0.712   9.25 27.01 
1956.4 16 0.957 3.481 -22.32 14.71 24.22 
1953.5 17 0.768 4.020 -24.63 12.63 27.24 
1950.5 18 0.771 4.719 -24.38 13.04 27.71 
1947.6 19 0.812  -22.54 9.83 19.44 
1944.6 20 0.711   16.30  
1941.7 21 0.728  -20.02 15.53  
1938.8 22 0.803 4.273  14.04 24.75 
1935.8 23 0.756   18.50 27.82 
1932.9 24  3.650  14.33 27.97 
1929.9 25   -27.69 16.22 20.62 
1927.0 26 0.764 4.124 -24.07 14.20 30.60 
1924.1 27 0.680 3.800 -23.10 9.16 26.84 
1921.1 28 0.679 3.184  10.72  
1918.2 29 0.621  -24.90 11.04 20.06 
1915.2 30 0.712   5.52 26.20 
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Appendix A: (continued) 
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
15N δ13C PEB C:N 
 Molar 
1912.3 31 0.679   6.10 36.13 
1909.4 32 0.600 4.152 -23.46 9.26 26.81 
1906.4 33 0.650 3.185 -24.20 10.20 26.44 
1903.5 34 0.616 3.996 -25.96 8.96 32.52 
1900.5 35 0.714 2.677 -25.40 18.29 40.67 
1897.6 36 0.598 3.572 -24.07 19.01  
1894.6 37 0.590 3.887 -22.07  34.72 
1891.7 38 0.623 3.534 -22.95 8.03 27.60 
1888.8 39 0.752   8.30 26.53 
1885.8 40 0.735 3.454 -23.50 5.62 26.99 
 41 0.611  -25.40 16.31 26.04 
 42 0.601  -24.85 13.77 20.93 
 43 0.610 3.761 -24.40 13.77 26.81 
 44 0.666 3.290 -23.49 14.80  
 45 0.592 2.567 -24.89 10.28 27.27 
 46 0.664 3.687  13.24 26.19 
 47 0.608   9.48 28.32 
 48 0.667   13.76 21.14 
 49 0.685   15.73 25.31 
 50 0.667   13.36 28.72 
 51 0.581  -23.34 18.88 26.07 
 52 0.589 3.460 -25.15 19.69  
 53 0.703 3.017 -24.57 11.95 26.23 
 54 0.642  -25.95 12.34 21.55 
 55 0.676   10.53 24.61 
 56 0.678  -24.77 15.48 22.40 
 57 0.622   13.81 21.85 
 58  1.940 -23.01 13.51 23.35 
 59 0.611 3.884  12.84 30.13 
 60 0.626 3.816  18.95  
 61 0.629 3.857  13.20 43.68 
 62 0.640 2.930 -26.32 10.14 29.02 
 63 0.643   15.50 30.83 
 64 0.643 3.671  8.37 25.40 
 65 0.663   7.16 24.77 
 66 0.615  -24.32 6.78 22.80 
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Appendix A (continued) 
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
15N δ13C PEB C:N 
 Molar 
 67 0.679   5.64 33.23 
 68 0.632  -25.80 7.63  
 69 0.606 3.261 -28.07 8.41 31.04 
 70 0.651 3.680 -25.53 8.63 28.79 
 71 0.689   5.22 26.49 
 72 0.605 3.937  8.70 28.78 
 73 0.615 3.728 -24.86 7.80 27.26 
 74 0.607 2.902 -24.17 12.96 34.04 
 75 0.651 3.180 -23.04 14.77 28.11 
 77 0.615 3.847 -23.95 11.03 29.20 
 78 0.625 3.939 -23.88 9.88 24.45 
 79 0.596   7.40 28.27 
 80 0.664 3.315 -25.36 6.76 34.26 
 81 0.634 3.649 -25.22 3.93 30.05 
 82 0.666  -26.45 4.06 23.89 
 83 0.642 3.590 -22.73 6.77 30.47 
 84 0.601 3.952 -25.28 17.17  
 85 0.583 3.950 -24.49 11.97 34.11 
 86 0.616 3.638  8.30  
 87 0.590   13.23 39.57 
 88 0.591 3.592  12.80 39.88 
 89 0.625 3.300 -24.96 15.49 28.70 
 90 0.695 4.670 -23.38 12.06 26.51 
 91 0.656 3.510 -24.37 15.69 31.82 
 92 0.753 4.115 -23.02 6.42  
 93 0.774 2.690 -25.07 4.26 33.07 
 94 0.763 3.320 -24.93 6.67 34.85 
 95 0.730   13.71 35.64 
 96 0.762 3.480 -24.97 17.78 31.88 
 97 0.841 3.609 -25.66 22.97 42.92 
 98 0.522 3.923 -25.00 6.85 33.17 
 99 0.668 1.990 -26.42  43.95 
 100 0.666 3.579 -23.36   
 101 0.731 3.501 -24.44  28.72 
 102 0.742 3.916 -23.78  28.22 
 103 0.669    30.20 
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Appendix A (continued) 
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
15N δ13C PEB C:N 
 Molar 
 104 0.645 2.760 -22.42 21.92 28.99 
 105 0.672 2.967 -24.69 17.55 31.55 
 106 0.653 2.810 -24.22 32.38 31.86 
 107 0.626 3.495 -22.27 8.71 29.14 
 108 0.706 3.653 -22.62 10.91  
 109 0.653 3.365  7.11 35.65 
 110 0.733 3.830 -22.76 4.58 25.33 
 111 0.703   8.21 27.83 
 112 0.699 3.760 -20.79 4.55 24.06 
 113 0.573 3.478 -27.05 2.82 45.04 
 114 0.712 3.060 -21.82 2.48 27.32 
 115 0.683 3.780 -21.38 6.15 30.01 
 116 0.685 3.873  4.27  
 118 0.658 3.796 -22.63 5.61 28.09 
 119 0.657   5.91 27.62 
 120 0.708   2.54 31.95 
 121 0.635 4.282  11.98 31.09 
 122 0.703 3.310 -22.90 6.23 29.69 
 123 0.715 3.630 -21.50 11.59 30.78 
 124 0.710 3.833  5.11  
 125 0.709 3.218 -21.97 10.96 30.99 
 126 0.673 3.740 -22.89 11.43 29.24 
 127 0.707   6.38 30.31 
 128 0.754 3.370 -21.37 11.48 32.03 
 129 0.836 3.094 -22.63 6.47 31.24 
 130 0.875 3.060  58.55 27.85 
 131 1.029 3.260 -21.91 62.00 39.75 
 132 0.812 3.763  13.87  
 133 0.641   7.72 43.14 
 134 0.597 3.980 -25.75 10.47 34.87 
 135 0.680 3.832 -23.58 7.56 28.83 
 136 0.700 2.540 -21.84 10.50 31.97 
 137 0.772 3.086 -22.88 4.00 33.39 
 138 0.807 3.478 -23.00 13.94 32.34 
 139 0.680   14.29 37.98 
 140 0.653 3.544  16.40  
 141 0.712 2.624  15.82 33.70 
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Appendix A (continued) 
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
15N δ13C PEB C:N 
 Molar 
 142 0.732 3.890 -24.15 21.55 27.54 
 143 0.699 3.540 -24.63 25.63 29.85 
 144 0.793 3.454 -24.54 28.93  
 145  3.153 -24.89 22.17 47.15 
 146 0.483 3.680 -23.91 21.35 25.15 
 147  3.818 -22.74 25.26 34.76 
 148  3.066 -22.69 18.67 24.48 
 149 0.583 3.040 -23.51 22.15 26.47 
 150  4.720 -24.15 17.31 29.51 
 151 0.369 4.200 -24.20 16.42  
 152  4.821 -23.03 14.07 21.80 
 153 0.502   13.04  
 154  2.948 -23.18 17.40 25.25 
 155 0.482   17.95 41.28 
 156  3.090 -22.58 11.04 25.69 
 157 0.437 3.613 -23.20 17.16 22.92 
 159 0.454 3.752  16.73 26.67 
 160  3.880 -22.84 8.41 22.46 
 161  5.502 -24.07 14.79 30.88 
 162 0.532 4.453 -23.15 13.93 22.78 
 163 0.512   11.11 25.70 
 164  4.065 -22.50 18.24 19.02 
 
 
 
PE0305-BC1 
Age 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
13C δ15N PEB C:N  Molar 
2000.5 0-1 1.560 -21.826 5.85 27.74  
1997.6 1-2 1.431 -21.633 5.96 32.21  
1994.6 2-3 1.651 -21.374 5.59 31.84 8.47 
1991.7 3-4 1.577 -22.082 5.63 31.83  
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Appendix A (continued) 
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
15N δ13C PEB C:N  Molar 
1988.8 4-5 1.852 -22.806 5.92 29.23 8.76 
1985.8 5-6 1.789 -22.118 5.77 22.61 8.97 
1982.9 6-7 1.961 -21.963 5.99 31.44 8.69 
1979.9 7-8 1.592 -22.132 5.77 29.56  
1977.0 8-9 1.453 -22.163 6.03 30 9.29 
1974.1 9-10 1.339 -22.254 5.88 26.7  
1971.1 10-11 1.554 -21.995 5.97 18.83  
1968.2 11-12 1.787 -21.932 5.18 21.53  
1965.2 12-13 1.432 -23.940 4.97 20.52 9.14 
1962.3 13-14 1.557 -21.993 5.00 23.88  
1959.4 14-15 1.511 -22.043 5.32 20.48 8.81 
1956.4 15-16 1.622 -21.954 4.99 18.69  
1953.5 16-17 1.425 -21.751 4.84 15.86 8.55 
1950.5 17-18 1.457 -22.241 4.22   
1947.6 18-19 1.791 -22.577 2.95 12.3  
1941.7 20-21 1.491 -23.376 3.04 15.54 9.36 
1938.8 21-22 1.351 -23.274 3.16 12.33  
1935.8 22-23 1.241 -23.619 3.20 8.82  
1932.9 23-24 1.402 -23.215 3.14 8.22  
1929.9 24-25 1.166 -23.703 3.32 16.08  
1927.0 25-26 1.135 -23.701 3.61 15.77  
1924.1 26-27 1.173 -24.015 3.73 12.01  
1921.1 27-28 1.278 -23.872 3.43 10.84  
1918.2 28-29 1.419 -23.864 4.16 12.89 9.08 
1915.2 29-30 1.379 -23.661 3.94 17.28  
1912.9 30-31 1.303 -23.741 4.08 15.2  
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Appendix A (continued) 
MRD05-BC6 
Age 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
13C δ15N PEB C:N  Molar 
2002.9 0-1 1.104 -22.450  14.65  
1998.6 1-2 0.957 -21.794 5.17 22.06 9.70 
1994.3 2-3 1.009 -21.909 5.47 17.35 9.00 
1990.0 3-4 0.916 -21.888 5.47 17.93 8.81 
1985.7 4-5 0.961 -22.310 5.47 15.15 10.08 
1981.4 5-6 0.948 -21.803 4.99 15.27 8.98 
1977.1 6-7 0.955 -21.635 5.38 21.51 9.23 
1972.8 7-8 0.994 -21.774 5.15 20.47 9.20 
1968.5 8-9 0.977 -21.806 5.20 22.87 8.77 
1964.3 9-10 0.978  4.90 15.71 9.41 
1960.0 10-11 0.795 -21.960 5.15 16.61 9.59 
1955.7 11-12 0.781 -21.851 4.85 16.18 8.85 
1951.4 12-13 0.736 -21.979 5.00 15.78 9.11 
1947.1 13-14 0.628 -21.842 4.70 17.43 9.56 
1942.8 14-15 0.879 -21.898 4.79 13.21 9.94 
1938.5 15-16 0.908 -21.800 4.98 11.92 9.72 
1929.9 17-18 0.743 -21.972 4.66 12.46 10.32 
1925.7 18-19 0.664 -21.840 4.75 5.75 9.92 
1921.4 19-20 0.800 -21.921 4.48 9.04 9.28 
1917.1 20-21 0.679 -22.106 4.04 9.64 9.70 
1912.8 21-22 0.901 -21.734 4.40 7.01 9.52 
1908.5 22-23 0.495 -22.082 4.44 5.23 9.56 
1904.2 23-24 0.971 -21.752 4.54 6.42 9.91 
1899.9 24-25 0.784 -22.254 4.22 9.71 9.75 
1895.6 25-26 0.995 -21.919 4.05 8.04 9.45 
1891.3 26-27 0.799 -21.941 4.20 6.43 9.77 
1887.0 27-28 0.941 -22.054 3.79 9.07 9.22 
1882.8 28-29 0.742 -21.907 4.27 9.65 9.30 
1878.5 29-30 0.920 -21.814 4.28 8.05 9.98 
1874.2 30-31 0.663 -22.052 4.07 9.61 9.39 
1869.9 31-32 0.857 -22.032 4.17 6.63 10.22 
1865.6 32-33 0.740 -22.262 3.67 4.38 9.90 
1861.3 33-34 0.721 -22.123 3.70 5.71 9.70 
1857.0 34-35 0.708 -21.892 4.04 5.45 9.84 
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Appendix A (continued) 
Age 
(Years) 
Sample 
Depth 
(cm) 
Organic 
Carbon 
(%) 
δ
13C δ15N PEB C:N  Molar 
1852.7 35-36 0.808 -22.366 3.48 13.40 9.38 
1848.4 36-37 0.694 -22.056 3.54 6.34 9.26 
1844.2 37-38 0.857 -21.845 3.78 6.11 9.70 
1839.9 38-39 0.708 -22.002 3.55 12.73 9.58 
1835.6 39-40 0.840 -22.133 3.96 6.02 9.95 
1831.3 40-41 0.678 -22.404 3.67 6.54 9.71 
1827.0 41-42 0.733 -22.250 3.88 8.37 9.83 
 
 
